
812 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 18, NO. 2, MARCH/APRIL 2012

Monolithic Photonics Using Second-Order Optical
Nonlinearities in Multilayer-Core Bragg

Reflection Waveguides
Payam Abolghasem, Jun-Bo Han, Dongpeng Kang, Bhavin J. Bijlani, Student Member, IEEE,

and Amr S. Helmy, Senior Member, IEEE

(Invited Paper)

Abstract—Recent advancements in phase-matching second-
order nonlinear processes by using matching-layer-enhanced
Bragg reflection waveguides (ML-BRWs) in AlxGa1−xAs mate-
rial system are discussed. The limitations on the choice of the
AlxGa1−xAs layers for applications that require high pump power
operation are highlighted. Multilayer-core ML-BRWs are pro-
posed as a new waveguide design with relaxed constraints over
the choice of the AlxGa1−xAs layers composition. The tradeoffs
associated with material bandgap on the efficiency of second-order
nonlinear processes are examined by using this novel structure.
The interplay among the various factors, including the nonlin-
ear overlap factor, the effective second-order nonlinearity, and the
third-order nonlinear effects result in the presence of an optimum
detuning of the core bandgap from the operating wavelength for
maximum conversion efficiency. Two different wafer structures are
examined by using second-harmonic generation to elucidate these
tradeoffs. The conversion efficiency is examined by using 30-ps,
2-ps, and 250-fs pulses at various pump average power levels.

Index Terms—Bragg reflection waveguides (BRWs), difference-
frequency generation (DFG), nonlinear optics, optical nonlineari-
ties in compound semiconductors, phase matching (PM), second-
harmonic generation (SHG), sum-frequency generation (SFG).

I. INTRODUCTION

LASERS spawned the quest for the exploration and sub-
sequent utilization of optical nonlinearities. Second-order

nonlinearities offer distinct advantages for efficient frequency
conversion, quantum-optical applications, and ultrafast all-
optical signal processing, and was pursued shortly after lasers
were first available [1]. In most practical cases to date, applica-
tions that use second-order nonlinear effects are not necessarily
amenable to monolithic integration along with other active and
passive photonic components. However, monolithic integration
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could fuel wider adoption and utilization of the capabilities af-
forded by second-order optical nonlinearities. Most nonlinear
optical crystals do not lend themselves to the nanofabrication
technologies available for semiconductors, which enable more
advanced functionality. Due to significant dispersion, materials
with appreciable nonlinearity have the phase velocities of the
interacting waves, which relate to how efficiently the nonlin-
ear effects can be utilized, not matched naturally [2]. Matching
the phase velocities of the interacting waves has been mas-
tered in several material systems. These include lithium niobate
(LiNbO3) [3], potassium titanate phosphate (KTP) [4], and bar-
ium borate (BBO) [5]. Techniques such as birefringent-phase-
matching and quasi-phase-matching (QPM) have been used to
achieve efficient optical sources, ultrafast optical processing el-
ements, and frequency conversion components in these material
systems [6]–[8].

Phase matching (PM) 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 in 1992 [12]. Non-
linearities of semiconductor materials are generally larger than
those for their counterparts, such as KTP, LiNbO3 , and BBO
while operating near their bandgaps. This benefit is often offset
by the enhanced optical losses in semiconductors operating in
this regime [13]–[15]. GaAs- and InP-based material systems,
despite having higher propagation losses in comparison to other
nonlinear crystals, have a well-developed platform for devices,
where lasers, modulators, amplifiers, photonic bandgap struc-
ture, and other devices have been well developed [16]–[20].
In the case of GaAs compounds, the transparency window is
between 0.9–17 μm, compared to 0.5–5 μm for LiNbO3 [21].
GaAs compounds also have higher optical damage thresholds
and better thermal conductivity [25]. The integration of second-
order nonlinearities with these devices offer distinct functional-
ity and advantages. This, in turn, has driven a great deal of re-
search for efficient PM in compound semiconductors. However,
the cubic structure (4̄3-m symmetry) of GaAs/AlxGa1−xAs ren-
ders these crystals optically isotropic with a lack of intrinsic bire-
fringence. As a result, PM χ(2) nonlinearities involves signifi-
cant challenges in these crystals. If PM is achieved effectively in
AlxGa1−xAs, it can enable the utilization of their large second-
order nonlinearity in conjunction with the existing broad base
of optoelectronic devices. Numerous techniques have been in-
vestigated over the past two decades to phase match the second-
order nonlinear processes in AlxGa1−xAs. In general, the PM
methods can be grouped as either exact PM (EPM) methods
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or QPM methods. For EPM, two types have been investigated,
namely, form-birefringence PM (FBPM) [22] and modal PM
(MPM) [23]. Several QPM methods have also been investigated,
including domain-disordered QPM (DD-QPM) [24].

Another technique uses Bragg reflection waveguides (BRWs)
or 1-D photonic bandgap structures to attain EPM. Waveguiding
in BRWs is carried out through subsequent Bragg reflections at
the interface between core and periodic claddings. The devices
can be designed such that they additionally support the propaga-
tion of bound modes that are formed by total internal reflection
(TIR) between a high-index core and periodic claddings with a
lower effective index. Utilizing strong modal dispersion prop-
erties of propagating modes in a photonic bandgap device, it
is possible to achieve EPM in this class of photonics devices.
In comparison to other PM techniques in AlxGa1−xAs, such
as FBPM and QPM, PM by using BRWs benefits from less
constraints over the choice of materials. For example, in FBPM
devices, the necessity of incorporating AlOx layers with high ab-
sorption above 7.5 μm, along with the absorption of GaAs above
870 nm, limits the operating wavelengths of these devices. Also
in QPM waveguides, operation in proximity of material reso-
nances is required for modulating the χ(2) coefficient. On the
other hand, BRWs are further relaxed in the choice of materials,
and hence, offer additional flexibility for on-chip frequency-
mixing devices. BRWs have several guiding properties that de-
part from what is expected in conventional TIR waveguides,
which have attracted significant interest [26]. The unique bire-
fringence properties of BRWs [27], [28] were utilized to produce
novel devices, such as polarization splitters/combiners [29],
while their versatile waveguiding properties were used to tai-
lor the spatial profile of their guided modes [30], [31]. BRWs
are also attractive for nonlinear propagation, where spatial
optical solitons have been studied [32], as well as applications
in which nonlinear optical modes have been found to propagate
in BRWs that do not support propagation of bound modes in the
linear regime [33].

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 transverse
wave vector. This constraint places the complex Bloch wave
number in the middle of the Bragg stopband, where its imagi-
nary component has the largest value [26], hence ensuring the
most rapid field decay in the claddings and highest confine-
ment in the core. QtW-BRWs are attractive because of their
relatively simple design, which is determined by the quarter-
wave condition. A comprehensive analysis of QtW-BRWs can
be found in [34], where it was proven that the effective index
of the fundamental Bragg mode only depends on the operating
frequency and the core characteristics, and is independent of the
cladding reflectors. This implies that two different sets of Bragg
reflectors can yield the same effective index. This unique fea-
ture of QtW-BRWs holds for both TE and TM polarizations of
the fundamental Bragg mode and can find applications, where
modal birefringence of the orthogonal polarizations can be
eliminated.

Initial studies of phase-matched BRWs focused on utilizing
quarter-wave structures. However, the quarter-wave condition
imposes constraints over the waveguide design, which limits
the efficiency of these devices in nonlinear frequency conver-

Fig. 1. Schematic of a ridge BRW with ridge width W and etch depth D used
for a nonlinear three-mixing process. The coordinate systems of x′y ′z ′ and
xyz denote the laboratory and crystal frames, respectively. The two coordinate
systems make a rotation angle of π/4 with respect to the crystal z-axis.

sion. For example, QtW-BRWs exhibit small core dimensions,
imposed by the PM condition, resulting in a poor nonlinear
overlap factor. Due to the oscillating nature of the Bragg modes,
this leads to degradation in the nonlinear conversion efficiency.
In [36], matching-layer-enhanced BRWs (ML-BRWs) were in-
troduced, which offer an effective technique to tailor the spatial
overlap factor of the interacting modes. ML-BRWs are spatially
symmetric structures, where the core is composed of a single di-
electric layer separated from identical Bragg reflectors, on either
side, by a layer referred to as the matching layer (ML). In this
design, the thickness of the ML is a deterministic parameter with
discrete values determined from the dispersion equations. It is
designed such that the bilayers of the transverse Bragg reflectors
(TBRs) satisfy the quarter-wave condition while no constraint
over the core thickness is imposed. Thus far, ML-BRW have
demonstrated efficient second-harmonic generation (SHG) [35],
sum-frequency generation (SFG) [43], and difference-frequency
generation (DFG) [49], [50]. In this study, ML-BRWs are further
generalized to the case, where the waveguide core is composed
of multiple dielectric layers. The employment of a multilayer
core offers additional design parameters, which are utilized for
tailoring the modal profiles of interacting frequencies, hence op-
timizing nonlinear interactions. Though our discussion focuses
on passive frequency-mixing elements, the analytical tools de-
veloped here are general and can be applied to active devices,
such as BRW lasers with multiple quantum wells as active
region [51], [52].

This Article is organized as follows: Section II reviews the
second-order nonlinear interactions in AlGaAs waveguides in
terms of coupled-mode equations and the tensor properties of
χ(2) . Section III provides a review of the characterization of
SHG, SFG, and DFG in ML-BRWs, where the limitations in the
performance of these devices is highlighted. The analytical tools
for the investigation of multilayer-core ML-BRW structures are
developed in Section IV. Section V provides the simulation
results, device description, and characterization of a multilayer-
core ML-BRW that is suited for high-power operation. Conclu-
sions are then presented in Section VI.

II. χ(2) NONLINEAR INTERACTIONS IN AlGaAs BRWS

A representative BRW is schematically shown in Fig. 1, where
the coordinate systems of xyz and x′y′z′ denote the crystal and
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laboratory frames, respectively. The two reference frames are
rotated by an angle of φ = π/4 with respect to the crystal z-axis.
The choice of x′y′z′ reference frame is intended to simplify the
analysis of optical mode propagation, where the major fields of
TE and TM propagating modes are aligned with the axes of the
laboratory frame.

Consider a second-order nonlinear process, where a pump
(p) at angular frequency ωp and a signal (s) at ωs collinearly
interact to generate an idler (i) at ωi . The propagation direction
of interacting modes is taken along the y′-axis. In the presence
of optical nonlinearities, the spatial-temporal dependence of the
mode at ωσ , σ ∈ {p, s, i}, is expressed as

Eωσ
(x′, y′, z′, t) = Aωσ

(y′)Eωσ
(x′, z′) exp[i(βωσ

y′ − ωσ t)]
(1)

where βωσ
is the propagation constant, ωωσ

is the angu-
lar frequency, Aωσ

(y′) is the slowly varying amplitude, and
Eωσ

(x′, z′) is the spatial profile. Assuming that scalar wave
equations are sufficiently accurate in expressing the propaga-
tion of optical modes of the pump, signal, and idler, and using
the orthogonality relation of optical modes in a guided-wave
structure, the coupled-mode equations expressing the spatial
variation of field amplitude is derived as [54]

∂Aωσ

∂y′ =
iωσ

4

∫∫
E∗

ωσ
(x′, z′)PNL exp(−iβωσ

y′)dx′dz′ (2)

where PNL is the nonlinear electric polarization vector. It should
be stressed that in (2), E∗

ωσ
(x′, z′) in the integral is represented

in the coupled-mode equation as the transverse field profile of
the ωσ mode in the linear regime and its spatial dependency
along the propagation direction does not include the slowly
varying envelope function. However, in expanding P (NL) in
terms of electric fields, variations of the field amplitudes along
the propagation direction should be included in the calculations.

In the xyz crystal frame of AlxGa1−xAs, the only indepen-
dent second-order susceptibility tensor element is χ

(2)
xyz and

overall six elements [58]. The other nonzero elements are those
where the coordinates have been interchanged with all permu-
tations. This implies that nonlinear interaction can only take
place when interacting harmonics have nonvanishing field com-
ponents along all three crystal axes. The elements of the suscep-
tibility tensor in the laboratory and crystal frames are related to
each other by using the transformation [58]:

χ
(2)
μ ′α ′β ′ = Rμ ′μ(φ)Rα ′α (φ)Rβ ′β (φ)χ(2)

μαβ (3)

where Rj ′j (φ) are the elements of the rotation matrix with the
rotation angle of φ = π/4. Using (3), the nonzero elements of
χ(2) tensor in the x′y′z′ frame are

χ
(2)
x ′x ′z ′ = χ

(2)
x ′z ′x ′ = χ

(2)
z ′x ′x ′ = +χ(2)

xyz (4a)

χ
(2)
y ′y ′z ′ = χ

(2)
y ′z ′y ′ = χ

(2)
z ′y ′y ′ = −χ(2)

xyz . (4b)

Unlike in the crystal frame, where χ
(2)
μαβ is nonzero when μ,

α, and β are all different, from (4), it can be seen that in the
laboratory coordinate system, χ

(2)
μ ′α ′β ′ is nonzero for those per-

mutations of x′, y′, and z′, where two indexes are identical while
the third index is z′.

Due to the zinc-blend crystal structure of AlxGa1−xAs, there
exist two distinct growth directions, which allow one to access
χ

(2)
xyz coefficients. These are the [0 0 1] and [1 1 1] directions.

The growth direction of [1 1 1] is usually not desired for planar
integrated devices, where waveguides with parallel facets are
required. In this case, cleaving the wafer results in waveguides,
where the facets make an angle of 60◦ with respect to each other.
Despite this, the [1 1 1] growth direction favors surface-emitting
nonlinear devices, where the effective second-order nonlinear-
ity is the highest [59]. Devices with [0 0 1] growth direction
and [1 1 0] cleavage planes are the most widely used config-
urations for nonlinear interaction in AlxGa1−xAs waveguides
(see Fig. 1). Three types of nonlinear interactions arise from the
nonvanishing susceptibility tensor elements for [0 0 1] growth
devices. For example, for SHG, these include type-0 interaction,
where a pump TM polarization state generates a TM-polarized
second-harmonic [37], type-I interaction, where a TE-polarized
pump generates a TM-polarized second-harmonic, and type-II
interaction, where a pump with hybrid TE + TM polarization
generates a TE-polarized second-harmonic. Among these, the
type-II process is known to be the most efficient, as it benefits
from a larger effective second-order nonlinearity.

For SHG, SFG, and DFG processes, the power of the para-
metric light, Pωσ

, ωσ ∈ {SH, SF, DF}, follows the relation
Pωσ

∝ d2
eff ξ2L2 , where L is the device length, deff is the effec-

tive nonlinear coefficient of the structure, and ξ is the nonlinear
spatial overlap factor, which are defined as

deff =

∫∫
E∗

ωσ
d(x′, z′)Eωp

Eωs
dx′dz′∫∫

E∗
ωσ

Eωp
Eωs

dx′dz′
(5)

ξ =

∫∫
E∗

ωσ
Eωp

Eωs
dx′dz′(∫∫

|Eωσ
|2dx′dz′

∫∫
|Eωp

|2dx′dz′
∫∫

|Eωs
|2dx′dz′

)1/2 .

(6)

In (5), d(x, y) denotes the spatial dependence of effective χ(2)

coefficient in the transverse plane, which is a function of alu-
minum concentration at a given frequency.

Enhancement of Pωσ
can be carried out by increasing the

device length, by enhancing the structure deff , and by improving
the nonlinear overlap factor. In practice, benefits arising from
an increase in the device length are offset by the corresponding
enhancement of the propagation losses. In order to increase
Pωσ

, designs with improved deff and ξ are desired. In [35],
we introduced ML-BRWs, which focused on improving ξ in a
SHG experiment by enhancing the generated SH power without
aiming to increase the structure deff . ML-BRW is a simple yet
efficient technique for PM χ(2) processes. The following section
provides a review of the recent results of frequency conversion
obtained by using ML-BRWs.

III. FREQUENCY CONVERSION IN ML-BRWS

Initial theoretical and experimental endeavors in phase-
matching χ(2) interactions in BRWs utilized QtW-BRWs [60],
[61]. Operating at the quarter-wave condition has several advan-
tages, including fastest exponential decay of the Bragg mode
in TBRs, simplicity of design equations, polarization degener-
acy of the fundamental Bragg mode, and versatile dispersion
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Fig. 2. Epitaxial structure of the BRWI device. The ML separates the core
from the top/bottom QtW-TBRs.

properties. However, phase-matched QtW-BRWs inherit small
core dimension of a few hundreds of nanometers, which is
dictated by the PM condition. Devices with such small core
thicknesses severely suffer from degraded confinement factor
and poor end-fire coupling efficiency. Moreover, the determin-
istic core thickness in phase-matched QtW-BRWs eradicates the
flexibilities in tailoring waveguide dispersion while maintaining
PM condition. The aforementioned disadvantages in using stan-
dard quarter-wave stacks suggest the necessity for investigating
more elaborate designs. ML-BRW was a simple design, which
was proposed to relieve the constraints over the core dimen-
sions in QtW-BRWs [35], [36]. In this design, the waveguide
core thickness is regarded as an independent design parameter
while the characteristics of the ML, including its material index
and thickness, are used to align the effective-mode index such
that the bilayers of TBRs become quarter-wave thick. In the
resulting design, one can benefit from a phase-matched BRW
with relaxed core dimension while taking advantage of all assets
of quarter-wave stacks. In the following sections, we discuss the
design and characterization of ML-BRW for PM second-order
nonlinearity.

The epitaxial structure of the fabricated ML-BRW, referred
to as BRWI , is shown in Fig. 2. In this design, the ML separates
the waveguide core from the top and bottom quarter-wave TBRs
(QtW-TBRs). The wafer of BRWI was grown on nominally
undoped [0 0 1] GaAs substrate by using metal–organic chemical
vapor deposition (MOCVD). Ridge structures were patterned by
using plasma etching. The ridge width (W ) and depth (D) of
BRWI were 4.4 and 3.6 μm, respectively, with a device length
(L) of 1.5 mm.

Linear properties of BRWI were extracted by using the
Fabry–Pérot technique with a single-mode tunable laser around
1550 nm. Linear propagation losses of TE (α(TE)

p ) and TM

(α(TM)
p ) propagating pump modes were estimated to be 2.0 and

2.2 cm−1 , respectively. The input coupling coefficient (C) de-
fined as the spatial overlap factor between the incident pump
beam and the lowest order excited TIR mode was determined to
be 0.49 with a facets reflectivity (R) of 0.28.

Nonlinear characterization of BRWI was carried out for
pulsed SHG, continuous-wave (CW) SFG, and pulsed/CW
DFG. The experimental results are discussed in the following.

Fig. 3. Second-harmonic average power as a function of pump wavelength
measured for three PM schemes. The solid lines are the Lorentzian fit to the
measured date. P0 , P1 , and P2 denote the PM points for type-0, type-I, and
type-II SHG, respectively. (Inset) Simulated modal birefringence of pump (solid
line) and second-harmonic (dashed line) as functions of the waveguide ridge
width. The crossing point between the modal birefringence of SH with the
zero birefringence (dotted line) indicates a design for which the SH mode is
polarization degenerate.

TABLE I
SUMMARY OF OBSERVED SHG INTERACTIONS IN BRWI

A. Second-Harmonic Generation

SHG in BRWI was carried out in an end-fire rig setup, thus
using a mode-locked Ti:Sapphire pumped optical parametric
oscillator (OPO). The employed pulses had a temporal width of
1.8 ps with a repetition rate of 76 MHz. The pulses were nearly
transform limited with a temporal–spectral bandwidth product
of ΔτΔν = 0.53. A 40× diode objective lens was used at the
input stage to couple light into the waveguide. The emerging
signal was collected by using a 40× objective lens. A long
wavelength pass filter was used in the output stage to separate the
pump from the second harmonic. We examined the type-0 [37],
type-I, and type-II [35] SHG. The average pump power before
the front facet of the device was measured to be 9.6 mW with
an estimated internal value of Pp = 3.3 mW. The SHG tuning
curves of the three PM schemes, obtained by monitoring the SH
average power PSH , as a function of the pump wavelength, are
shown in Fig. 3. In this figure, the resonance features at points P0 ,
P1 , and P2 denotes the pump wavelengths at which PM condition
for type-0, type-I, and type-II SHG were satisfied. A summary
of the SHG experiment with BRWI device is given in Table I,
where θ denotes the angle between the pump electric field and
the z crystal axis, and η̄SHG = PSH/P 2

p L2 is the normalized
nonlinear conversion efficiency.

In Fig. 3, the resonance feature at P0 appearing to the type-
0 PM of TMω →TM2ω with the observed SH power level is
noteworthy. The TMω→TM2ω interaction has been previously
reported in asymmetric multiple-QW waveguides, where the
broken symmetry of the structure along the crystal z-axis in-
duced a weak susceptibility tensor element χ

(2)
zzz [24], [38]. In

the BRWI structure, isotropic semiconductors were utilized. The
source of TMω→TM2ω interaction is not due to the appearance
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of χ
(2)
zzz element. Rather, it is ascribed to the characteristic of

the TMω propagating mode, where the pump electric field has
a nonzero component along the propagation direction [37].

Also in Fig. 3, the close proximity of the observed PM wave-
lengths is remarkable. The PM wavelengths of all three in-
teractions were within a spectral window as small as 17 nm.
This spectral range lies within the spectral bandwidth of typical
ultrashort pulses with temporal widths of a few hundred fem-
toseconds. In practice, this PM wavelengths proximity can be
attractive for several applications. Examples include on-chip
sources of photon pairs, where controlling the polarization en-
tanglement is the major interest and generation of wideband
SHG with mixed polarization state by using a femtosecond
pulsed pump. The small birefringence of the second-harmonic
mode played a pivotal role in obtaining the PM wavelengths
of all three nonlinear interactions discussed above in proximity
of each other. For a propagating mode at ωσ , the modal bire-
fringence is defined as Δn̄ωσ

= n̄
(TE)
ωσ − n̄

(TM)
ωσ , where n̄

(TE)
ωσ

and n̄
(TM)
ωσ are the effective indexes of TE and TM propagat-

ing modes, respectively. In the inset of Fig. 3, we have plotted
the simulated modal birefringence for both the SH mode (Bragg
mode) and the pump mode (TIR mode) as functions of the wave-
guide ridge width W (see Fig. 1). From the figure, the simulated
birefringence at SH is approximately an order of magnitude
smaller than that of the pump for the entire simulated value of
W . Moreover, there exists a waveguide design for which the
polarization degeneracy condition can be fulfilled. The small
modal birefringence in addition to the existence of polarization
degenerate design is a unique characteristic of BRWs, which de-
serves further investigation and can find potential applications
involving linear and nonlinear effects.

B. Sum-Frequency Generation

SFG is attractive for some nonlinear applications, such as
photon up-conversion to the near-infrared regime (600–800 nm)
where efficient, low-noise, single-photon detectors are present
[39], [40]. Another application is high-speed optical sampling
[41], [62] by using ultrashort pulses for waveform measure-
ments and demultiplexing of time-domain multiplexed optical
signals [42]. We characterized the BRWI device for type-II CW
SFG [43] with the pump and signal within the C-band telecom-
munication wavelength range. A drawing of the apparatus used
for SFG characterization is shown in Fig. 4.

For an SFG device, the quantum efficiency ηq is expressed as
ηq = Piλi/(Psλs) [40]. For BRWI , we estimated ηq as a func-
tion of the pump power, as illustrated in Fig. 5(a) for a signal
with 0.35 mW internal power. The device maximum quantum
efficiency was measured to be 0.029%, which was obtained for
a pump and signal with internal powers of 4.15 and 0.35 mW,
respectively. The associated internal SF power was estimated to
be ≈0.20 μW. A merit which determines the performance of an
SFG device is the 100% quantum efficiency, which is defined as
the pump power P 100

p , for which ηq is equal to unity. We esti-
mated a required pump power of 14 W for a quantum efficiency
of 100%. In practice, other factors, such as heat generation and
two-photon absorption (2PA) may further increase this power
value. Considering the short-waveguide length, this leaves am-
ple room for decreasing P 100

p , provided that propagation losses

Fig. 4. Schematic of SFG experimental setup. EDFA: fiber amplifier; FPC:
fiber polarization controller; FC: fiber collimator; QW: quarter-wave plate; HW:
half-wave plate; PBS: polarization beam splitter; BS: beam splitter; S: beam
sampler; M: mirror; WG: waveguide; FM: flip mount; Si-PD: silicon photode-
tector; Ge-PD: germanium photodetector.

Fig. 5. (a) Quantum efficiency as a function of pump power. Filled circles are
the measured data, while the dashed line is the linear fit. Inset: Sum-frequency
power as a function of signal wavelength obtained experimentally. (b) Sum-
frequency power as a function of pump wavelength. The filled circles are the
measured data, while the dashed line is a smoothed fit to remove cavity resonance
effect. The pump wavelength range limited the tunability on the long wavelength
side.

can be minimized. For example, P 100
p can be reduced to 690 mW

for a device length of 10 mm. The normalized conversion effi-
ciency of SFG is defined as η̄SFG = Pi/(PpPsL

2). For BRWI ,
η̄SFG was estimated to be 298%W−1 · cm−2 . This suggests that
the devices described here have the potential to detect single
photons with further optimization, particularly by means of re-
ducing propagation losses [44]. The inset of Fig. 5(a) shows the
tuning curve of the SFG experiment, which was obtained by
monitoring the SF power as a function of signal wavelength. In
obtaining the experimental curve, the internal average powers
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Fig. 6. Schematic of DFG experimental setup. EDFA: fiber amplifier; FPC:
fiber polarization controller; FC: fiber collimator; HW: half wave plate; PBS:
polarization beam splitter; BS: beam splitter; S: beam sampler; M: mirror; WG:
waveguide; FM: flip mount; Si-PD: silicon photodetector; Ge-PD: germanium
photodetector.

of pump and signal were 1.98 and 1.00 mW, respectively. From
the figure, the distinguishable SF power around 1555 nm with a
power level of 35 nW was an indication of phase-matched pro-
cess. The fast oscillating component on the spectrum indicates
the resonance effects of the waveguide cavity at both signal and
sum-frequency wavelengths.

The PM bandwidth ΔλSFG is a key parameter for an SFG de-
vice. For BRWI , we determined ΔλSFG by detuning the pump
wavelength from the degenerate wavelength of 1555.0 nm, while
the signal wavelength was varied to maximize the generated SF
power. The result is shown in Fig. 5(b). The large variation
in the data was caused by the modulation of Fabry–Pérot res-
onance of signal and SF wave. Broadband PM was obtained
around 1550 nm with a full-width at half-maximum (FWHM)
bandwidth exceeding 60 nm. The real bandwidth is believed to
exceed 60 nm, as the available pump source tunability prevented
extending the wavelength beyond 1600 nm. This feature can be
further enhanced through appropriate design of the BRW prop-
erties to provide a widely spaced signal and pump with respect
to the sum-frequency [45]. This will, in turn, facilitate the spec-
tral filtering of parasitic second- harmonic of pump/signal from
the sum-frequency wave required for practical up-conversion
applications in integrated single-photon detection [39], [40].

C. Difference-Frequency Generation

DFG is an attractive technique for the generation of widely
tunable coherent infrared radiation, where no appropriate laser
medium exists [46]–[48]. We characterized BRWI for type-II
DFG by using a pulsed pump and a CW signal [49], [50]. The
apparatus of the DFG experiment is schematically shown in
Fig. 6.

The dependence of the DF average power (PDF ) on the pump
wavelength, for λs = 1546 nm, is shown in Fig. 7(a), where
filled circles show the measured data and the solid-line is a
Lorentzian fit. In obtaining the figure, the average powers of
pump (Pp ) and signal (Ps), measured before the front facet of
the waveguide, were fixed to 62.9 and 2.9 mW, respectively.
From the experiment, peak DF power of 0.95 nW, estimated
right after the output facet of the waveguide, was obtained for
the phase-matched pump at 777.8 nm. The bandwidth of the
process was found to be 0.48 nm.

Fig. 7. (a) Variation of the difference-frequency average power as a function
of pump wavelength for λs = 1545.9 nm. Filled circles are the measured data
and the solid line is the Lorentzian fit. Inset: Dependence of PDF on Pp Ps .
Open circles are the measured data, while the dashed line is a linear fit.

In a DFG process, PDF is proportional to the product of
pump and signal powers. We verified this relation for a fixed
pump power of 62.9 mW and a signal sweeping power range
of 0.48–4.8 mW. The result is shown in the inset of Fig. 7(a),
where the linear fit (dashed line) agrees well with the relation
PDF ∝ PpPs . The slope of the linear fit in the graph of PDF
versus PpPs provides an estimation of the DFG conversion
efficiency defined as η = PDF/(PpPs). For the characterized
device, η was found to be ≈ 5.7 × 10−4 %W−1 . This efficiency
is equal to 2.5 × 10−2 %W−1 · cm−2 when normalized to the
device length. It should be noted that the DFG efficiency re-
ported here is the external value. The internal efficiency, which
requires the estimation of the internal powers inside the device,
is considerably larger than the external one. The internal pump
power could not be determined due to difficulties in extracting
the linear coupling factor defined as the spatial overlap between
the incident pump beam and the excited pump, which is a Bragg
mode. Simulations indicate that this coupling efficiency is likely
to be a few percent, which implies that a low pump power level is
likely to be responsible for the output powers measured. Several
routes can be undertaken to further enhance the DFG process
in BRWs. These include preferential coupling to Bragg mode
by using prism coupling, grating-assisted coupling, or by us-
ing spatial light modulators. In a more advanced scheme, these
coupling techniques can be completely avoided by developing
self-pump DFG devices, where a Bragg laser pump [51] with
phase-matched cavity is fabricated on the same wafer platform.

A typical spectrum taken at the waveguide output is shown
in Fig. 7(b). The pump was set at 777.8 nm with a signal at
1545.9 nm. The DF wavelength was observed at 1565.4 nm.
From the spectra, the power level of DF was −62.5 dB lower
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than that of the signal. The spectra in Fig. 7(b) denotes an
additional spectral feature at ≈ 2λp = 1555.6 nm, which is due
to the second-order diffraction of the pump from the grating
of the optical spectrum analyzer. This was confirmed by the
fact that the spectral feature at 1555.6 nm remained unchanged,
while the DF spectra shifted in the opposite direction to the
signal during tuning.

The inset of Fig. 7(b) shows the DFG tuning curve, which was
obtained by detuning the pump wavelength from degeneracy
while tracking the wavelengths of signal and DF for maximal DF
power. It was observed that a detuning of the pump wavelength
by 0.4 nm resulted in a span of ≈40 nm between signal and DF
wavelengths. Further detuning of the pump from degeneracy
was expected to offer broader separation between signal and
DF. This could not be confirmed experimentally due to the
aforementioned constraints in tuning the signal wavelength.

D. Bandgap Effect for High Pump Power Operation

The BRWI device demonstrated notable efficiency enhance-
ment afforded by improving the nonlinear overlap factor ξ in an
SHG process. The structure of BRWI incorporated AlxGa1−xAs
layers with aluminum concentrations as low as x = 0.20 with
an associated bandgap of ≈1.67 eV. This ensures that the pump
is below half the bandgap of the layers constituents in a structure
used for SHG experiments. This will, in turn, serve to minimize
the effects of third-order nonlinearities, which would improve
the device performance. However, as the material bandgap de-
tunes further away from the operating wavelength, the effective
nonlinearity is reduced. To highlight the effects of this tradeoff,
it is instructive to examine the conversion efficiency with pump
power. The structure studied here shows that the efficiency of
SHG in BRWI was restrained to internal pump average powers
below ≈9 mW. For pump powers above 9 mW, saturation of
second-harmonic power was clearly observed, which was un-
derstood as a result of degrading effects of χ(3) nonlinearities,
such as 2PA and self-phase modulation (SPM).

To illustrate this, we examine the dependency of second-
harmonic power on the pump power obtained by using three
different pulsed laser systems, namely, 1) a programmable laser
from Genia Photonics Inc. [53] generating pulses with 30-ps
temporal width (Δτ ) at a repetition rate (frep ) of 15 MHz; 2)
an OPO synchronously pumped by a mode-locked Ti:Sapphire
laser generating 2-ps pulses at 76-MHz repetition rate; and 3) the
same OPO system converted to 250-fs pulses at 76-MHz repeti-
tion rate. Characterizing the device under different pulsed-pump
conditions would provide a better insight into the nonlinear in-
teraction, particularly at high pump power levels. Fig. 8 depicts
the variation of SH power as a function of pump wavelength ob-
tained by using the three laser sources. From the figure, it can be
seen that when using 30- and 2-ps pulses, PSH saturates around
the pump average power of 9 mW to a value of approximately
PSH = 300 μW. For pump powers above ≈9 mW, the generated
SH power fails to follow the quadratic relation of PSH ∝ P 2

p as
a result of χ(3) nonlinearities.

It is well known that the third-order effects are more pro-
nounced for low-aluminum-concentration AlxGa1−xAs ele-
ments due to smaller bandgaps [63], [64]. In order to overcome
the saturation of generated harmonics at high pump powers, we

Fig. 8. Dependency of generated SH power on pump power in BRWI wave-
guide characterized using 30-ps, 2-ps, and 250-fs pulsed pump.

aimed at redesigning ML-BRW devices with high-aluminum-
content AlxGa1−xAs elements. However; simulations show that
using elements with high aluminum concentrations in ML-
BRWs compromise the nonlinear overlap factor and the struc-
ture’s effective second-order nonlinear coefficient, hence reduc-
ing the efficiency of the nonlinear interaction. The reduction of
the nonlinear overlap factor, when high-aluminum-fraction ele-
ments are incorporated, is qualitatively addressed by the fact that
the material index contrast between the layers as well as the ma-
terial dispersion are reduced with the increase of the aluminum
content of AlxGa1−xAs layers. The low index contrast between
the layers along with the reduced material dispersion gives rise
to weakly confined optical modes with a degraded spatial over-
lap factor. In addition, the reduction of the structure’s effective
nonlinear coefficient due to the increase of aluminum concentra-
tions is apparent, as the deff of individual AlxGa1−xAs elements
also reduces with the increase of aluminum fraction [56].

This tradeoff of the reduction of nonlinear overlap factor
and the structure’s effective nonlinearity in devices, which
incorporate elements with high aluminum concentration can be
addressed by a simple extension to ML-BRW designs, referred
to as multilayer-core ML-BRWs. In the proposed design, the
waveguide core is a multilayer dielectric structure. Engineering
individual layers of the multilayer core in the proposed design
is expected to be greatly effective in modifying modal behav-
iors, as the optical fields within the core layers are the strongest.
As discussed in the following section, in a multilayer-core ML-
BRW, the characteristics of the core layers, including their in-
dexes and thicknesses, offer additional design parameters that
can be exploited for improving the spatial overlap factor and the
effective nonlinear coefficient of the design, thereby enhancing
the nonlinear conversion efficiency.

IV. MULTILAYER-CORE ML-BRWS

We start by developing the analytical tools required for de-
signing multilayer-core ML-BRWs. Our approach for deriving
the modal dispersion equations and the ML thickness rely on
applying the boundary conditions of field transitions at the in-
terface between the ML and quarter-wave Bragg reflector. We
consider two general designs, namely, a symmetric ML-BRW,
where the structure possesses geometrical symmetry with re-
spect to the core center and a mono-stack ML-BRW, where one
of the periodic claddings in a symmetric structure is replaced by
a single layer or by a periodic dielectric layers. The schematic
of a multilayer-core symmetric ML-BRW is shown in Fig. 9(a).
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Fig. 9. (a) Schematic of a multilayer-core symmetric ML-BRW. The ML
separates the multilayer core composed of dielectric layers with the refrac-
tive indexes n0 , na , nb , . . . , nl from the quarter-wave Bragg reflectors. (b)
Conceptual structure, where half of the core center layer with index n0 and
na , nb , . . . , nl layers in (a) are represented by an ABCD matrix with ele-
ments m11 , . . . , m22 .

In this structure, the core is composed of multiple dielectric
layers with refractive indexes n0 , na , nb , . . . , nl and associated
thicknesses t0 , ta , tb , . . . , tl . The ML with a refractive index of
nm and a thickness of tm separates the multilayer core from the
quarter-wave Bragg reflector. We assume that the Bragg reflec-
tors are composed of bilayers with refractive indexes n1 and n2
with associated thicknesses of t1 and t2 . To design the structure,
it is assumed that all material indexes are given a priori. Also,
the thicknesses of the dielectric layers composing the complex
core, ta , tb , . . . , tl , are assumed to be given. The thickness of
the ML is then used for tailoring the effective-mode index of the
structure such that the bilayers of the Bragg reflectors satisfy
the quarter-wave condition of

kx
1 t1 = (2u + 1)

π

2
kx

2 t2 = (2v + 1)
π

2
(7)

where u, v = 0, 1, 2, . . ., and kx
1 and kx

2 are the x-components
of the wave vectors in the bilayers of the Bragg mirrors.

The modal dispersion equations and the required ML thick-
ness of the multilayer-core symmetric ML-BRW can be obtained
by applying the boundary condition of transition of overall elec-
tric field amplitude at the interface between the ML and QtW-
TBR. The overall field amplitude, formed by the superposition
of the right- and left-propagating plane waves, either vanishes
or peaks at the interface between the QtW-TBR and the ML,
the immediate layer before the TBR. Referring to Fig. 9, this
condition requires that a+

m + a−
m = 0 or a+

m − a−
m = 0 in or-

der to obtain a node or antinode at x = xm , respectively. The
extraction of the modal dispersion equation and ML thickness
requires multiplication of the propagation matrix for a propaga-
tion of t0/2 and the transfer matrixes of layers na, nb , . . . , nl ,
and subsequently solving for tm . Although theoretically feasi-
ble, one can find this approach mathematically tedious, which
requires different solutions for different numbers of complex
core layers. Here, a generic solution is proposed, which can be
utilized for any given number of core layers.

We start by relating the right- and left-propagating field am-
plitudes of the core (a+

0 , a−
0 ) to those of the layer prior to the

ML (a+
l , a−

l ). This relation is expressed as[
a+

l
a−

l

]
= M

[
a+

0
a−

0

]
=

[
m11 m12
m21 m22

] [
a+

0
a−

0

]
(8)

where the matrix M with elements m11 , . . . ,m22 is an ABCD
matrix, which replaces half of the core center layer with in-
dex/thickness of n0/t0 and the layers na , nb , . . . , nl , as shown in
Fig. 9(b). Here, we are interested in the lowest order even Bragg
mode, for which the superposition of right- and left-propagating
fields within the core is maximum. Due to the symmetry of the
structure, one can assume that a+

0 = a−
0 . Without loss of gen-

erality, the overall field amplitude at the core center is taken to
be unity such that a+

0 = a−
0 = 1/2. Using transfer matrices of

the core layers na, nb , . . . , nl , the field amplitudes in the layer
before the ML, the lth layer, are expressed as

a+
l =

(m11 + m12)
2

a−
l =

(m21 + m22)
2

. (9)

Given a+
l and a−

l , the field amplitudes in the ML can be calcu-
lated using the single transfer matrix as[

a+
m

a−
m

]
= Tm

[
a+

l
a−

l

]
. (10)

In (10), Tm is the forward transfer matrix of the ML, which is
defined as

Tm =
1
2

[
(1 + fP ) exp(−iφm ) (1 − fP ) exp(−iφm )
(1 − fP ) exp(+iφm ) (1 + fP ) exp(+iφm )

]

(11)
where P = {TE, TM} is the subscript used for indicating the
polarization state of the propagating field, φm = kx

m tm is the
phase accumulated in the ML and

fP =

⎧⎪⎪⎨
⎪⎪⎩

kx
l

kx
m

, for TE polarization

n2
m kx

l

n2
l k

x
m

, for TM polarization.

(12)

Using (10), the ML field amplitudes are derived as

a+
m =

1
4
[(m11 + m12)(1 + fP ) exp(−iφm )

+ (m21 + m22)(1 − fP ) exp(−iφm )] (13a)

a−
m =

1
4
[(m11 + m12)(1 − fP ) exp(+iφm )

+ (m21 + m22)(1 + fP ) exp(+iφm )]. (13b)

For TE propagating mode, the electric field vanishes (a+
m +

a−
m = 0) at x = xm for kx

m < kx
1 and it peaks (a+

m − a−
m = 0)

for kx
m > kx

1 . Using (13a) and (13b), the modal dispersion for
TE mode is obtained as

cot(kx
m tm ) = +ifTEζ, (kx

m < kx
1 )

tan(kx
m tm ) = −ifTEζ, (kx

m > kx
1 ) (14)

where ζ is a complex number defined as

ζ =
m11 + m12 − m21 − m22

m11 + m12 + m21 + m22
. (15)
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Equations (14) can be solved to calculate the thickness of the
ML as

tm =
1

kx
m

[acot (+ifTEζ) + pπ] , (kx
m < kx

1 )

tm =
1

kx
m

[atan (−ifTEζ) + pπ] , (kx
m > kx

1 ) (16)

where p = 0, 1, 2, . . . is the ML thickness scaling factor.
For TM propagation, the electric field vanishes at x = xm for

n2
1k

x
m < n2

m kx
1 , and it peaks for n2

1k
x
m > n2

m kx
1 . Using (13a)

and (13b), modal dispersion of TM propagating mode is ob-
tained as

cot(kx
m tm ) = +ifTMζ, (n2

1k
x
m < n2

m kx
1 )

tan(kx
m tm ) = −ifTMζ, (n2

1k
x
m > n2

m kx
1 ). (17)

Solving (17) for tm , the thickness of the ML is given as

tm =
1

kx
m

[acot (+ifTMζ) + pπ] , (n2
1k

x
m < n2

m kx
1 )

tm =
1

kx
m

[atan (−ifTMζ) + pπ] , (n2
1k

x
m > n2

m kx
1 ). (18)

For the case that the structure is composed of lossless dielectrics,
the aforementioned equations can be further simplified. In order
to show this, it is useful to recall that when the waveguide
layers are lossless, the elements of the matrix M in (8) inherit
the property that m22 = m∗

11 and m21 = m∗
12 . Defining the

complex number ζ as

ζ = |ζ| exp(iφζ ) = m11 + m12 (19a)

tan φζ =
Im[ζ]
Re[ζ]

=
Im[m11 + m12 ]
Re[m11 + m12 ]

. (19b)

For TE polarization, (14) can then be simplified as

cot(kx
m tm ) = +ifTE tan φζ , (kx

m < kx
1 )

tan(kx
m tm ) = −ifTE tan φζ , (kx

m > kx
1 ) (20)

with the ML thickness expressed as

tm =
1

kx
m

[acot (−fTE tan φζ ) + pπ] , (kx
m < kx

1 )

tm =
1

kx
m

[atan (+fTE tan φζ ) + pπ] , (kx
m > kx

1 ). (21)

Similarly, for TM propagation, (17) can be simplified as

cot(kx
m tm ) = +ifTM tan φζ , (n2

1k
x
m < n2

m kx
1 )

tan(kx
m tm ) = −ifTM tan φζ , (n2

1k
x
m > n2

m kx
1 ) (22)

with the ML thickness given by

tm =
1

kx
m

[acot (−fTM tan φζ ) + pπ] , (n2
1k

x
m < n2

m kx
1 )

tm =
1

kx
m

[atan (+fTM tan φζ ) + pπ] , (n2
1k

x
m > n2

m kx
1 ).

(23)

Equations (14)–(18) serve as the design equations for
multilayer-core symmetric ML-BRWs. The physical parameters

Fig. 10. (a) Dependency of d
Alx Ga1−x As
eff /dGaAs

eff on aluminum molar con-
centration extracted using the data reported in [56]. The solid line and the dashed
line show the fifth-order polynomial fits used to obtain a numerical model for
estimating the effective nonlinearity. (b) Variation of dGaAs

eff as a function of
wavelength obtained by using the reported experimental data in [57] (filed circle)
and an extracted exponential decay fit (dashed line).

of the complex core layers, including their refractive indexes and
thicknesses, offer extra degrees of freedom for design optimiza-
tion. Although in our analysis we assumed that the phases in
each of the core layers do not establish any particular relations
with each other, in practice, we can impose particular phase
relations among them. For example, one can design a double
grating mirror, where the layers na, nb , . . . , nl form a periodic
structure with quarter-wave bilayers with high reflectivity at a
given wavelength of λ1 , while the TBRs are designed to have
high reflection at a different wavelength of λ2 . The ML then
operates as a phase tuning layer between the two high-reflection
periodic structures.

V. DEVICE DESIGN AND PERFORMANCE

A. Extracted Model for deff of Bulk AlxGa1−xAs

Theoretical calculations of nonlinear conversion efficiency
requires an approximation for the waveguide deff . While the val-
ues of deff for bulk AlxGa1−xAs can be theoretically estimated
by using Miller’s rule [55], the literature lacks a comprehensive
model, which provides the dependency of deff as a function of
aluminum concentration, operation wavelength, and tempera-
ture. Ohashi et al. [56] reported the experimentally measured
dependence of the ratio dAlx Ga1−x As

eff /dGaAs
eff as a function of Al

concentration obtained by using Nd:YAG laser that operates at
1064 nm. Here, we adopt the reported data in [56] to extract
a numerical model for estimating deff of bulk AlxGa1−xAs.
Fig. 10(a) illustrates the extracted data of dAlx Ga1−x As

eff /dGaAs
eff

from [56] along with the fifth-order polynomial fit

dAlx Ga1−x As
eff

dGaAs
eff

=
5∑

m=0

cm xm (24)

which we used as the theoretical models for the ratio of
dAlx Ga1−x As

eff /dGaAs
eff . The coefficients of the polynomial fits for

each graph in Fig. 10(a) are summarized in Table II.
Equation (24) requires a numerical value for dGaAs

eff . Al-
though the fits in Fig. 10(a) were obtained for the wavelength of



ABOLGHASEM et al.: MONOLITHIC PHOTONICS USING SECOND-ORDER OPTICAL NONLINEARITIES 821

TABLE II
COEFFICIENTS OF FIFTH-ORDER POLYNOMIAL IN (25)

TABLE III
CONSTANTS OF THE EXPONENTIAL DECAY FIT USED FOR MODELING

THE DEPENDENCY OF dGaAs
eff ON WAVELENGTH OBTAINED

BY USING THE REPORTED DATA IN [57]

1064 nm, we assumed that the slopes of the fits more or less fol-
lows the same trends at other wavelengths. In order to use (24),
one needs a numeric for the value of dGaAs

eff at a given wave-
length. In our model, we estimated dGaAs

eff by using the discrete
values reported in [57]. Using a shape-preserving interpolation
fit followed by an exponential decay fit, as illustrated in Fig. 10,
we derived an extracted model for the values of dGaAs

eff reported
in [57] as

dGaAs
eff (λ) = d0 + d1 exp

(
− λ

λ1

)

+ d2 exp
(
− λ

λ2

)
+ d3 exp

(
− λ

λ3

)
(25)

where d0 , . . . , d3 and λ1 , . . . , λ3 are the fitting constants, which
are given in Table III.

Using the above discussed model of deff for bulk AlxGa1−xAs
elements, an estimation for the effective nonlinear coefficient of
the BRW structures could be obtained by applying (5).

B. Device Description and Characterization

The multilayer-core ML-BRW design, discussed in the previ-
ous section, offers additional flexibility in the choice of materials
for phase-matched structures. Using this technique, we designed
a new wafer, referred to as BRWII , which utilized materials with
high aluminum concentration AlxGa1−xAs, while constraining
the minimum Al concentration within the structure to x = 0.35
with a bandgap of ≈1.87 eV. The choice of AlxGa1−xAs el-
ements with x > 0.35 introduced the tradeoff of reducing the
nonlinear conversion efficiency η, since both the effective non-
linear coefficient of the structure and the nonlinear overlap factor
were reduced. However, the multilayer-core ML-BRW design
made it possible to mostly compensate for the reduction of non-
linear conversion efficiency while incorporating high aluminum
concentration layers. Here, we discuss the benefits offered by
BRWII device in comparison to BRWI , particularly when high
pump power operation is desired.

The epitaxial structure of BRWII wafer is shown in Fig. 11,
where the waveguide multilayer core and the QtW-TBRs are
separated by the ML. In designing BRWII , the optimization
objective function was taken as η̄SHG for type-II process, tak-
ing into consideration the influence of both ξ and the structure
deff . This was in contrast to the design of BRWI , where the

Fig. 11. Epitaxial structure of the BRWI I device. The top/bottom QtW-TBRs
are separated from the three-layer core by the ML.

TABLE IV
SIMULATED NONLINEAR PARAMETERS OF SLAB BRWI

AND BRWI I DESIGNS FOR TYPE-II SHG

nonlinear overlap factor was regarded as the primary optimiza-
tion objective function. Simulated nonlinear properties of both
devices is summarized in Table IV. From this table, it can be
seen that while BRWII incorporated materials with high alu-
minum fractions, its conversion efficiency is within the same
order of magnitude as that of BRWI . Using the table, the effi-
ciency of BRWII was expected to be approximately one-third
of the efficiency of BRWI , provided that propagation losses in
the two devices were comparable. The theoretical estimations
of η̄SHG in Table IV does not take into account χ(3) nonlinear
effects when a high pump power is employed. As will be dis-
cussed, BRWII was indeed a superior design in comparison to
BRWI under high pump condition due to the employment of
AlxGa1−xAs layers with higher aluminum contents with larger
bandgaps.

The wafer of BRWII was grown on [0 0 1] GaAs substrate
using MOCVD. Using plasma etching, ridge structures were
patterned on typical sample. Characterizations were carried out
on a ridge waveguide which had a width of 4.1μm and a depth
of 3.7 μm. The length of the device was 1.7 mm. Using the
Fabry–Pérot technique, linear propagation losses of TE- and
TM-polarized pump mode around 1550 nm were determined
to be 2.2 and 2.9 cm−1 , respectively. The input coupling fac-
tor and facet reflectivity were estimated to be 0.48 and 0.29,
respectively.

Similar to the characterization of BRWI , we evaluated the
performance of BRWII sample for SHG by using the 30-ps,
2-ps, and 250-fs pulsed-pump lasers. Table V provides a sum-
mary of the examined SHG parameters of both devices, in-
cluding PM wavelength (λPM ), FWHM pump spectral band-
width (Δλp ), FWHM second-harmonic spectral bandwidth
(ΔλSH ), internal SH average power (PSH ), wavelength accep-
tance bandwidth (FWHM) of SHG tuning curve (ΔλSHG ), nor-
malized nonlinear conversion efficiency (η̄SHG ), and the ratio
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TABLE V
SUMMARY OF SHG CHARACTERIZATION AT Pp = 2.2 mW

Δλ = ΔλSHG/Δλp . Also included in Table V is the equiva-
lent CW conversion efficiency η̄SHG ,CW , which was calculated
by multiplying η̄SHG with the pulse duty cycle Δτfrep . The
numeric of η̄SHG ,CW provided a merit of the device efficiency
independent of the pulse temporal width and repetition rate.
All parameters in the table were obtained for a pump with an
internal average power of Pp = 2.2 mW.

Representative interpretation of the data in Table V requires
the pump peak power, pump spectral width, and third-order
nonlinear effects to be taken into consideration. From the ta-
ble, it can be seen that for either device, changing the pulse
width from 30 to 2 ps did not significantly affect the generated
SH power and the conversion efficiency. Although the temporal
pulsewidths of 30- and 2-ps laser systems were different by over
an order of magnitude, the duty cycle of the pulses were within
the same order of magnitude. For the 30-ps laser, the pulse duty
cycle was 4.5 × 10−4 , while it was 1.5 × 10−4 for the 2-ps laser.
Assuming nearly-transform-limited pulses, when pump power
is fixed, it can be deduced that the peak powers in 30- and 2-ps
systems were within the same order of magnitude. Hence, the
generated SH should be comparable. On the other hand, pulses
in 250-fs system had a duty cycle of 1.9 × 10−5 , which was ap-
proximately an order of magnitude less than those in the other
two laser systems. The smaller duty cycle of the femtosecond
pulses translated to approximately an order of magnitude en-
hancement in the pump peak power. However, from Table V,
the generated SH power and the nonlinear conversion efficiency
in the 250-fs system were considerably reduced with respect to
those obtained using longer pulsewidths.

A comparison between the pump spectral bandwidth Δλp and
the wavelength acceptance bandwidth (FWHM) of SHG tuning
curve ΔλSHG , measured in these three laser systems, can partly
explain the lower efficiency in femtosecond SHG. To show this,
we consider the ratio Δλ = ΔλSHG/Δλp as a figure of merit
that indicates the portion of the pump spectra utilized in the
SHG. Using Table V, for 30-ps pulses, the entire pump spectra is
utilized in both devices. For BRWII , Δλ = 2.0, while for BRWI ,
Δλ = 3.3. On the other hand, for 250-fs pulses, Δλ = 0.5,
which denotes that approximately half of the pump spectra was
utilized for SHG in both devices. In using ultrashort pulses,
particularly in the femtosecond regime, other factors contribute
to reduce the generated harmonic power and the efficiency of
the interaction. These factors include dispersion effects, such as
group velocity mismatch and group velocity dispersion, as well
as the degrading effects of third-order nonlinearities [65].

In order to verify the effect of stronger dispersion in reducing
the efficiency of SHG in femtosecond pulse regime, it would

Fig. 12. Power spectral densities of the pump (dashed line) and second har-
monic (solid line) in BRWI waveguide measured using (a) 30-ps, (b) 2-ps, and
(c) 250-fs pulses. The FWHM spectral bandwidth of the pump λp and that of
the SH λSH for each pulsed system is given in Table V.

be informative to examine the spectral bandwidth of the gen-
erated second-harmonic signal. From theory, the power of the
SH signal and that of the pump follows the well-known rela-
tion of PSH ∝ P 2

p sinc2(ΔβL/2), where Δβ = 2βp − βSH is
the wavenumber mismatch between the propagation constants
of the pump βp and the second-harmonic βSH . As such, the spec-
tral bandwidth of the generated SH signal depends on the pump
spectral function as well as the phase-mismatch term. In compar-
ison to picosecond operation, femtosecond pulses exhibit larger
modal dispersion results in increasing Δβ, hence decreasing
the width of the function sinc2(ΔβL/2). To illustrate this, in
Figs. 12 and 13, we have plotted the normalized powers spec-
tral densities of the pump and the second harmonic for BRWI
and BRWII devices, respectively, obtained BY using 30-ps,
2-ps, and 250-fs pulses. Table V contains the measured val-
ues of the spectral bandwidths of the pump Δλp and the second
harmonic ΔλSH . From the figures, it can be observed that, for
either device, the ratio of second-harmonic spectral bandwidth
to that of the pump ΔλSH/Δλp is the lowest in using 250-fs
pulses. For example, for BRWI sample in Fig. 12 and using
Table V, for 30-ps pulses, ΔλSH/Δλp = 0.9, while for 250-fs
pulses, ΔλSH/Δλp = 0.02. The small ratio of ΔλSH/Δλp in
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Fig. 13. Power spectral densities of the pump (dashed line) and second har-
monic (solid line) in BRWI I waveguide measured by using (a) 30-ps, (b) 2-ps,
and (c) 250-fs pulses. The FWHM spectral bandwidth of the pump λp and that
of the SH λSH for each pulsed system is given in Table V.

Fig. 14. Dependency of generated SH power on pump power in BRWI I wave-
guide characterized by using 30-ps, 2-ps, and 250-fs pulsed pump.

femtosecond regime is a clear indication of the reduction of
SHG efficiency due to enhanced modal dispersion.

In Fig. 14, we have illustrated the variation of PSH as a
function of pump power obtained by using the three pulsed-
laser systems for BRWII . Comparing Figs. 8 and 14 denotes
that both devices show the maximum increase of PSH when
using 30-ps pulses. In contrast, from Fig. 14 for 30-ps pulses,
the quadratic relation between PSH and Pp is mostly maintained
over the entire sweeping range of Pp for BRWII . This clearly
suggests that the generated second-harmonic power in BRWII
could be further enhanced by increasing the device length.

To further distinguish the operation of both samples under
high pump power conditions, we normalized the generated SH
power in each device by the square of the sample length to
obtain a figure of merit for harmonic generation independent of
the device length. This normalization was supported by the fact
that the measured losses in the two samples were comparable.
Fig. 15(a) illustrates the variation of PSH/L2 as functions of
pump powers when using 30-ps pulses. In the figure, the dotted-
lines are the theoretical quadratic fits of PSH ∝ P 2

p . The rollover
of PSH in BRWI sample, as can be observed in Fig. 15(a), is

Fig. 15. (a) Second-harmonic power normalized to square of device length as
a function of internal pump power obtained by using 30-ps pulses. The dotted
lines are theoretical quadratic fits. (b) Normalized SHG conversion efficiency
estimated in using 30-ps pulsed pump.

a clear indication of the superior performance of BRWII when
high pump power is employed.

Finally in Fig. 15(b), we have plotted the normalized con-
version efficiencies of the characterized devices. Both samples
show that their efficiencies decreased with the increase of pump
power. For BRWI , the decay rate of η̄SHG was considerably
greater in comparison to BRWII , which was ascribed to stronger
χ(3) effects.

VI. CONCLUSION

In summary, we reviewed the recent advances for PM SHG,
SFG, and DFG by using ML-BRW. Although ML-BRW de-
sign was demonstrated as an efficient PM technique at low
pump powers, power saturation of the generated harmonic at
high pump power was observed due to the limitations posed by
third-order nonlinearities for the choice of waveguide layer con-
stituents. The multilayer-core ML-BRW design was proposed
and demonstrated as a possible design route for relaxing the con-
straints over the choice of materials in phase-matched BRWs.
The multilayer-core ML-BRWs are expected to aid realization
and enhance the efficiency of photonic devices, such as elec-
trically pumped integrated optical parametric oscillators, where
high pump power is essential.
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