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We introduce a nanoscale photonic platform based on gallium phosphide. Owing to the favorable material prop-
erties, peak power intensity levels of 50 GW∕cm2 are safely reached in a suspended membrane. Consequently,
the field enhancement is exploited to a far greater extent to achieve efficient and strong light–matter interaction.
As an example, parametric interactions are shown to reach a deeply nonlinear regime, revealing cascaded four-
wave mixing leading to comb generation and high-order soliton dynamics. © 2018 Chinese Laser Press
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1. INTRODUCTION

In the quest for the integration and miniaturization of photonic
devices, reproducing the exceptional properties of optical fibers
for the propagation of light is challenging. It has now been
widely recognized that silicon photonics suffers from serious
limitations for handling optical signals with large optical power,
as is often the case in microwave photonics or, of course, non-
linear optics [1]. Recently, a variety of materials have been pro-
posed to overcome these limitations: silicon nitride (SiN) and
doped glass [2], amorphous silicon [3], diamond [4], and chal-
cogenides [5]. Each of these platforms comes with very specific
advantages: very low losses (SiN and doped glass), excellent
thermal properties and transparency (diamond), and a large
nonlinear response (chalcogenides and semiconductors).

Crucial in the photonic integration is the availability of
materials providing a large index contrast, and hence a strong
optical confinement. More than two decades ago, George
Stegeman, a pioneer in the field of nonlinear optics, proposed
a nonlinear photonic platform optimized for the telecom
spectral domain-based III-V semiconductor alloys such as
AlxGa1−xAs [6]. This choice combines large index contrast with
the suppression of two-photon absorption (TPA). Fabrication
imperfections, however, and related propagation losses have
been an issue for a long time.

Nanoscale photonic structures, such as photonic crystal
waveguides, allow the tailoring of the dispersion and

achievement of a regime where the group velocity is more than
an order of magnitude smaller than that of light in a vacuum [7].
It has been shown that, due to the resulting large increase of the
optical intensity, slow light enables a considerable enhancement
of nonlinear interactions [8]. The operation of nanoscale
waveguides in a deep nonlinear regime is therefore extremely
demanding in terms of material properties, since not only the
nonlinear absorption has to be minimized, but the thermal
properties also must be very good to cope with the effects of
the unavoidable residual absorption.

The introduction of ternary alloy lattice matched to GaAs,
namely Ga0.5In0.5P in the context of photonic crystals, has
allowed a drastic reduction of the nonlinear absorption. The
power flux thus greatly exceeds the GW · cm−2 level necessary
to trigger strong nonlinearities. If the effective Kerr nonlinearity
has been increased by seven orders of magnitude compared to
single mode fibers [9], the application in the context of optical
signal processing is still hampered by the small thermal conduc-
tivity of this ternary alloy.

Here we propose a nonlinear nanoscale photonic platform
based on the binary semiconductor, gallium phosphide, which
can now be grown directly on a silicon substrate. Along with its
large thermal conductivity (110 W · K−1 ·m−1) [10], which is
comparable to silicon and about a factor 20 larger than in
GaInP, this material also provides a very large transparency
window (from 550 nm to infrared wavelengths), owing to
the large electronic band gap (2.26 eV) that also minimizes
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the nonlinear absorption. Its second-order optical nonlinearity,
forbidden in centro-symmetric materials such as diamond and
silicon, enables a variety of nonlinear parametric processes such
as optical sum and difference frequency generation, as demon-
strated in photonic crystal cavities, microdisks, and ring reso-
nators [11–13]. This nonlinearity has also been exploited in the
context of an integrated photonics platform for quantum infor-
mation [14,15].

Here we focus on GaP photonic crystal suspended slab
waveguides operating at very large average and peak power lev-
els, vastly exceeding any reported level in nanoscale semicon-
ductor membranes. While the observed high-order soliton
dynamics leading to the generation of a broad radiation spectra
demonstrates the capability to sustain very large optical fields,
the parametric amplification at a 2 GHz repetition rate and
cascaded four-wave mixing (FWM) down to the 11th harmonic
demonstrate the very efficient thermal handling.

2. GALLIUM PHOSPHIDE PHOTONIC CRYSTALS

The fabrication of the PhC suspended waveguides sample
starts with growth on a GaP substrate of a semiconductor
heterostructure by metal–organic chemical vapor deposition
(MOCVD) composed of a 230 nm thick GaP layer on top
of a 1 μm thick etch stop layer of Al0.7Ga0.3P. The semicon-
ductor slab is patterned with PhC structures using inductively
coupled plasma etching (ICP, chemistry based on a HBr, O2,
He gas mix) through a SiN mask. The latter is obtained by
depositing SiN on the GaP wafer using plasma-enhanced
chemical vapor deposition and structured using electron beam
lithography (PMMA ebeam resist) followed by reactive ion
etching (SF6, CHF3 gas mix). Finally, the Al0.7Ga0.3P etch stop
layer is selectively chemically etched in buffered HF to suspend
the PhC membranes. The result is shown in Fig. 1(a).

Photonic crystal waveguides are designed to offer an engi-
neered dispersion profile. Following established design rules
[16], a triangular lattice (period a � 450 nm) of holes with
a line defect (so called “W1”, which stands for the width of
the defect line, W � 1 ×

ffiffiffi
3

p
a) is modified so that the first

row of holes is displaced outward by s � 72 nm. A schematic
top view of the photonic crystal waveguide presents these
parameters [Fig. 1(a)]. The devices comprise a dispersion-
engineered central section with lengths LPhC � 0.6, 0.8, and
1.2 mm. PhC waveguides with a red-shifted dispersion have
been added to connect to the cleaved edge of the chip
(L � 1.5 mm) where adiabatic spike couplers [Fig. 1(a)] allow
low-loss coupling to lensed fibers [17]. The connecting wave-
guides, so-called “fast-light” sections in the following, are larger,
W 1.1 and s � 36 nm, and present a reduced group index ng .
A tapered sectionW 1.05 and s � 54 nm is added in between to
promote the adiabatic conversion of the mode and prevent un-
wanted reflections. Each waveguide is fabricated with a single
hole size. The radius is, however, changed from waveguide to
waveguide to compensate for fabrication tolerances and tune
the dispersion properties to the desired ones.

The dispersion of the waveguides is measured using an in-
terferometric technique reminiscent of optical coherent tomog-
raphy (OCT), but adapted to photonic waveguides [18,19].
This provides the propagation delay through the waveguide

as a function of the optical frequency, and the corresponding
spatially averaged group index is shown in Fig. 1(b). A com-
parison with the calculated dispersion reveals that the holes
are slightly smaller (r � 106 nm) than their nominal value
(r � 119 nm). To extract the dispersion of the “slow-light”
section of the waveguide, the calculated contributions from
the other sections must be accounted for. Figure 1(c) reveals
a very good agreement with the designed dispersion and dem-
onstrates good control of the geometry. To simplify the
nonlinear modeling, it is assumed that the contribution of
the “fast-light” sections can be accounted for by considering
a slightly longer “effective” length of the “slow-light” section.

The propagation losses, α, are inferred from the transmis-
sion measurement (−14.5 dB) and fiber-to-waveguide coupling
measurements K i∕o. The propagation losses are estimated
assuming that the coupling losses are 5� 0.5 dB per facet
through K 2

i∕o exp�−αLPhC� � T with LPhC the length of the
slow section of the waveguide. The estimate of K i∕o is based

Fig. 1. (a) SEM image of a PhC waveguide made of a GaP slab and
close-up before the removal of the etching mask (red rectangle). The
waveguide design (blue rectangle) indicates the relevant parameters,
the radius of the holes, r; the period of the triangular lattice, a; the
width of the defect line, W ; and the transverse shift of the first
row of holes, s. (b) Calculated (dashed) and measured (solid thick)
average group index. The thin blue solid line is the calculated
group index in the slow section. The cyan circle corresponds to the
FWM experiment (ng � 19). (c) Corresponding second-order
dispersion (same codes). (d) Transmission spectrum, including fiber-
to-waveguide coupling (dashed line represents insertion losses). The
red lines are a guide for the eyes.

B44 Vol. 6, No. 5 / May 2018 / Photonics Research Research Article



on previous experiments obtained with identical taper design
[17]. Hence, the waveguides considered here exhibit propaga-
tion losses, α ≈ 40 dB∕cm for a group index ng � 15. Thus,
from the linear losses standpoint, dominated by the fabrication
disorder, the result is almost comparable to other PhC technol-
ogies (see Table 1).

3. SOLITON DYNAMICS

An ideal material for chip scale nonlinear optics would be
described by the nonlinear Schrodinger equation, as is the case
for optical fibers, meaning that other effects, in particular non-
linear absorption, but also free carrier effects, are negligible. In
semiconductors, this is very challenging, although Ga0.5In0.5P
PhC has so far provided an excellent tradeoff [9]. Indeed, a
variety of phenomena have been observed, such as soliton com-
pression [21], fission [27], spectral broadening, pulse acceler-
ation [28], and self-frequency shift [29]. The observation of gap
solitons, predicted at even larger levels of nonlinearity [30],
remains elusive instead, because of the very high levels of
nonlinear response required. The first experiment aims pre-
cisely at demonstrating the high peak power-handling capabil-
ity of GaP photonic nanostructures.

The nonlinear propagation of picosecond pulses generated
from a spectrally filtered femtosecond passively mode-locked
laser (Optisiv) in the GaP waveguide is described in Fig. 2.
At the largest pulse energy (48 pJ) coupled in the waveguide,
the pulse undergoes a strong spectral broadening [Fig. 2(b)]
and higher order soliton dynamics resulting in the creation
of three peaks [Fig. 2(a)]. These measurements are reproduced
by a model based on the nonlinear Schrodinger equation,
where the dispersion of the “slow” waveguide accounts for
exactly [9]. The nonlinear term only contains the Kerr effect
(including nonlinear absorption). Free carrier effects are also
considered, even though they only induce small corrections.
The autocorrelation of the pulse at the output is reproduced

by including the propagation in the weakly nonlinear, but
strongly dispersive, “fast” sections. The same model reveals
the higher-order soliton dynamics [Fig. 2(c)], where a peak
power of roughly 22 W is reached when the pulse duration
decreases from the initial 4 ps down to 0.7 ps. It is therefore
estimated that under these conditions the peak irradiance in the
nanostructured GaP reaches the value of about 50 GW · cm−2,
which is only one order of magnitude below peak levels in
high-power optical fibers.

4. MATERIAL NONLINEAR PROPERTIES

In nanostructured materials, surface effects are important and
may alter the properties the bulk materials are known for.
Therefore, the analysis of the pulse propagation dynamics
has been performed to characterize the nonlinear response of
GaP nanoscale waveguides. Figure 3 compares different esti-
mates for the nonlinear parameter γ. A first method is based
on the measurement of the nonlinear phase shift ΔΦ �
γPLeff through the spectral broadening [31], as shown in
Fig. 3(b). It is apparent that this leads to an overestimate, be-
cause pulses undergo compression. For the same reason, the
extraction of the nonlinear absorption based on the plot of
the inverse transmission [Fig. 3(a)] is also affected by a similar
issue. An interesting approach is based on the dispersive scan
technique that has been successfully implemented on silicon
nanoscale waveguides [32]. As performed in earlier research
[33], we extract the nonlinear parameters through the full mod-
eling of the propagation. The nonlinear parameter γ, also rep-
resenting the nonlinear absorption through its imaginary part,
is used as an adjustable parameter for the best fit of the output
spectra, autocorrelation, and transmission. The results are com-
pared with the calculated γ � 2πn2

λA
χ�3�

through the nonlinear cross

section Aχ�3� (see Appendix A), which leads to an estimate of the
Kerr coefficient n2 � 3.5 × 10−18 W−1 ·m−2.

Table 1. Performances of Semiconductor Nanoscale Waveguides (PhC or Wires) in the Telecom C Banda

Geom. Mat.
Exp. Refs.

PhC GaInP
Membr.

FWM [20]
Sol
[21]

PhC GaInP
on SiO2

FWM [22]

PhC GaP Membr.
[This Work]

PhC Si
on SiO2

FWM [23]
FWM

(Sol) [24]

Wire α-Si
on SiO2

Sol [3]
FWM
[25]

Wire AlGaAs
on SiO2

FWM [26]FWM Sol

Δt ps 30 2 CW 4 15 CW CW (1) 1.8 3.8 CW
ζ % 0.5 0.007 100 3 0.015 100 100 (0.002) 0.004 100
P W 0.8 10 4.5 20† (30) 5.3 1.5
P mW 4 0.8 100 135 1.7 90 20 (0.6) 3 0.2 1.5
I GW∕cm2 ≈10 12 50† ≈30 4 ≈5 ≈0.75
I MW∕cm2 ≈10 ≈600 400 ≈600 20 ≪1 ≈750
Aeff μm2 ≈0.03 0.04 0.04 ≈0.03 ≈0.1 <0.1 <0.1 ≈0.2
Aχ�3� μm2 0.004 0.02 0.006 0.01 0.015 0.006 0.21 0.07 0.07 0.14
ng 15 9 30 20 15 30 3.5 3.5 3.5 3
n2 10−17 W−1 ·m−2 0.7 0.7 0.35 ≈0.6 1.7 2.1 1.3 2.5
α dB∕cm 0.1n2g <0.1n2g 0.16n2g <0.1n2g 4 4.5 4.8 1.5
η dB 5 n.a. −18 0.8 n.a. −24 −21 n.a. �26 >0
γ W−1 ·m−1 6000 1000 4500 1600 1000 4000 330 1200 770 650
γ∕α W−1 6 1.5 2.5 1.5 1 2.5 4 12 7 >20
F ≫1 ≫1 1.5� 0.5 0.4 (TE) 5 (TM) 5 (TE) 2 (TE) ≫1

aSuspended membranes are compared to structures embedded by a solid cladding (SiO2) considering either soliton propagation (sol) or four-wave mixing, depending
on the pulse duration Δt and filling factor ζ. The filling factor describes how close a pulsed excitation is to the CW regime (100%), which is the most challenging
configuration for handling thermal effects, the peak power P and the irradiance I . Overline stands for time averages. Effective linearAeff and nonlinearAχ�3� cross section;
group index ng , linear loss α, parametric conversion efficient η, and the nonlinear figure of merit F . The symbol † refers to a spatial maximum inside the waveguide.
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This can be compared with the value of the measurement
n2�0.7×10−17 m−2 ·W−1 performed on GaP at 1.06 μm [34].
Namely, using Ref. [35], a scaling factor of ≈0.3 for GaP, yields
n2 � 0.25 × 10−17 m−2 ·W−1 at λ � 1.55 μm, which is rea-
sonably close to our estimate.

The scaling of the inverse transmission with the peak power
[Fig. 3(a)] reveals that the nonlinear absorption α2 is not neg-
ligible, in spite of the large electronic band gap (Eg > 3ℏω).
A possible explanation points to the role of surface defects.
Similar to silicon photonic wires, where linear absorption
due to defects at the surface is not negligible at all [36], here
we speculate that surface defects induce TPA, because of the
much larger band gap compared to silicon. The almost sym-
metric broadening of the spectra confirms that free carrier
effects are small. The estimated TPA in the waveguide leads
to the conclusion that the nonlinear figure of merit [37,38]
is F � γ∕�4πI�γ�� � 1.5� 0.5. This is close to the criteria
for all-optical switching (F ≥ 2), while in silicon the figure
of merit is way out of target (F ≈ 0.4), as reported in Ref. [1].

5. PARAMETRIC GAIN AT GHZ RATE

Amuch lower limit to the power handling is set by thermal effects
becoming increasingly important when approaching the continu-
ous wave regime. For instance, parametric gain due to FWM has
been demonstrated in GaInP PhC chip [20]; however, thermal
issues forced operation at a low repetition rate (156 MHz). In
communication and optical processing, a far higher rate is neces-
sary, which implies a larger average power density. The FWM
conversion efficiency has been probed with a pulsed pump
(duration 15 ps, peak coupled power P � 4.4 W) from a
mode-locked fiber laser (Pritel) and a continuous-wave (CW)
probe with detuning spanning over the phase-matching domain
of the parametric interaction. As shown in Fig. 3(a), the pump
wavelength is set to 1557 nm, where the group index is ng � 20
and the dispersion is β2 � −0.7 ps2∕mm. The nonlinear coef-
ficient is about γ � 1600 W−1 ·m−1, which is calculated using
n2 � 3.5 × 10−17 W−1 ·m−2, consistently with the other mea-
surements. This corresponds to an optimum for the conversion
efficiency, which depends on the particular dispersion profile.

The figure of merit for this process, the conversion effi-
ciency, is defined as the integrated spectral power of the idler
divided by the input signal power. An estimate for it is
ηL � Pidler�out�

Pprobe�out�, extracted from the output spectra by accounting

for the filling factor (as in Ref. [20]) and having calibrated the
optical spectrum analyzer (OSA) reading for CW and pulsed
signals. The filling factor corresponds to ζ � τpulse × Rp, with
τpulse, the pulse duration and Rp, the repetition rate. The con-
version efficiency spectra for varying frequencies of the probe
and increasing pump powers are plotted in Fig. 4(b). The band-
width of the FWM process for this wavelength of the pump is
<4 nm. Indeed, the enhanced nonlinearity in PhC waveguide
also comes with a limited bandwidth of operation, which con-
stitutes a major difference with wire waveguides. The on-chip
maximal conversion efficiency of 5 dB is obtained for a coupled
pump power of 4.4 W and a pump-probe detuning of 2 nm.

Fig. 2. Picosecond pulse propagation and soliton dynamics.
(a) Autocorrelation traces, experimental (grey circles) and calculated
(red line). (b) Corresponding experimental output (grey circles) and
input (cyan line) spectra. The calculated output spectrum (solid
red line) is also represented with the calculated input one (dashed black
line). (c) Calculated evolution of the pulse at some specified positions
inside the waveguide. (d) Evolution of peak power P, pulse energy W,
and duration Δt.

.

.

.

Fig. 3. (a) Measurement of the nonlinear absorption for ng � 11
through the plot of the inverse transmission versus the peak power T 0

T �
1� 2I�γ�PLeff in the waveguide. (b) Nonlinear phase shift ΦNL.
(c) Calculated inverse linear and nonlinear cross sections Aeff and
1∕Aχ�3� as a function of the group index (see Appendix A).
(d) Nonlinear parameter γ versus group index. Estimate from the spec-
tral broadening (magenta squares), values used in the model (green
circles), and calculated (solid line) using n2�3.5×10−18 W−1 ·m−2.
The dashed red line represents the n2g dependence as a guide for the eyes.
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Very interestingly, a maximum at a nonzero detuning is ob-
served. This is the signature of the nonlinear phase shift due to
cross-phase modulation (XPM) and self-phase modulation
(SPM) compensating for the linear mismatch, which only hap-
pens when a deep NL regime is reached and when all the other
effects (e.g., nonlinear losses and carrier effects) are negligible.
The output spectrum at this power is shown in the inset of
Fig. 4, and the CW probe and the pump show the distinctive
spectral widening and deformation of self-phase modulation.
This behavior suggests that off-chip gain was achieved. The
conversion efficiency is properly defined as η � Pidler�out�

Pprobe�in� and

can be estimated from ηL by subtracting the propagation losses;
hence, αdB∕cmLPhC ≈ 4 dB. Thus, the off-chip gain is 0.8 dB.
As shown in the inset of Fig. 3(b), the agreement of the con-
version efficiency with the model is very good, demonstrating
that up to reaching gain (G > 0), the nonlinear waveguide is
operating as predicted by simple FWM theory.

When estimating the peak and time-averaged irradiance at
maximum gain, we obtain 12 GW · cm−2 and 400MW ·cm−2,
respectively. In terms of fluence, this translates to about
6 J · cm−2. These values correspond to a coupled average
power that is about 130 mW. Because thermal sinking is very

efficient, the material still behaves as an almost ideal Kerr
material, in spite of such high power levels.

6. NONRESONANT COMB GENERATION

Finally, we address a regime with longer (5 ns) pump and signal
pulses, generated from two CW lasers modulated using a pat-
tern generator and two Mach–Zehnder modulators. After am-
plification, the average (peak) power injected in the waveguide
is about 14 mW (1.1 W). The waveguide has the same design
as in Fig. 1, except that its dispersion is blue-shifted by
about 11 nm. It is operated near zero dispersion and large
group index. More precisely, ng � 20, β2 � −1.24 ps2∕mm
and β3 � −0.03 ps3∕mm. High-resolution optical spectra
(Yenista OSA 20) are recorded as a function of the input power,
keeping the pump to signal ratio constant. As apparent in
Fig. 5, at the maximum power level the on-chip conversion
efficiency is −3 dB. Note that the quadratic scaling of η with

Fig. 4. Four-wave mixing experiment with ps pulses at 2 GHz rate.
(a) Output spectra corresponding to two different coupled peak power
levels and spectrum of the pump at input. (b) Measured conversion
efficiency as a function of the pump-probe detuning as the pump
power is increased. The colored solid lines stand for the theory.
The peak conversion efficiency η is plotted versus the pump power
in the inset and compared with the model (solid lines), which also
provides the parametric gain G. Filled circles correspond to the plots
according to the color code.

Fig. 5. Cascaded four-wave mixing experiment with ns pulses.
(a) Output spectra and (b) raw conversion efficiency (ηL) as a function
of the peak power. The dashed line corresponds to η ∝ P2. Detail of
(c) the output and (d) the input at maximum peak power: experimen-
tal (red) and calculated (black) spectra.
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the peak power is followed up to the maximum power, where
the process saturates, because the signal and idler are only a few
dB below the pump. Because of the very small detuning
(14.8 GHz), up to 11 ancillary idlers are within the FWM
bandwidth and are therefore generated in a cascaded process
as the pump power increases. The agreement with the gener-
alized NLSE model is fairly good with γ � 1600 W−1 ·m−1,
which was also calculated as in the previous sections. Under
this condition, the maximum irradiance is 3 GW · cm−2,
but the fluence reaches 150 J · cm−2 because of the much
longer pulses. This last result demonstrates the capability of
the suspended GaP membrane to sustain large powers for sev-
eral nanoseconds, which enables the formation of a comb of
spectrally narrow lines. We also point out that because this cas-
caded FWM process is not resonant, the spacing of the comb
can be adjusted by controlling the detuning of the two inputs.

7. CONCLUSION

Owing to the combination of a large refractive index and ad-
vanced nanofabrication techniques, photonic structures are
now able to concentrate the optical field so tightly that very
large optical intensities are achieved. As a consequence, the
light–matter interactions, particularly nonlinear phenomena,
are so much enhanced that they can effectively be exploited
for fundamental science as well as for applications such as
optical signal processing. However, undesirable effects also ap-
pear at such large levels of power intensities. The severity of
these effects is strongly related to the material.

We have developed the technology for nanoscale photonics
based on gallium phosphide. The combination of large thermal
conductivity, a good nonlinear figure of merit (reduced nonlin-
ear absorption), and a still large nonlinear response compared to
non-semiconductor materials makes it particularly suited for
nonlinear photonics on a chip. Table 1 summarizes recent
achievements with nanoscale waveguides. We focus on soliton
propagation and FWM, because they are representative of the
challenges inherent in on-chip nonlinear optics. GaP is thereby
compared with GaInP [20–22] and silicon [23]. The compari-
son is extended to more conventional wire waveguides made of
amorphous silicon [24]. We note that silicon oxynitride is also
being developed for photonic nanostructures [39].

First of all, soliton dynamics and compression lead to
extremely large intensities, ultimately limited by the nonlinear
figure of merit F and the thermal conductivity. Here, GaP is
superior to GaInP and both are superior to silicon, which is
apparent when comparing the maximum irradiance I in the
table. Similarly, net parametric gain can only be achieved when
the nonlinear phase shift is large enough, which explains
why gain is reached with III-V materials or in amorphous sil-
icon [25], although in a pulsed regime. The notable exception
is AlGaAs wires on silica [26], which are able to sustain a CW
irradiance of 0.75 GW∕cm2, which is large enough to allow
parametric gain.

Achieving large nonlinearities in CW is, however, very
challenging on a suspended membrane. In this respect, GaP
nanoscale waveguides have allowed a 30-fold increase of the
average power over GaInP. This led to the achievement of para-
metric gain at a GHz rate, which is relevant to all-optical signal

processing. We note that the time-averaged irradiance in GaP
suspended membranes is comparable to what has been reported
in waveguides embedded in a solid cladding [22,23,26].

This result is important because suspended semiconductor
membranes allow the full exploitation of the large contrast of
the dielectric permittivity (Δε ≈ 10) to create robust high-Q
and low mode volume cavities. This is a key asset for enhanced
light–matter interaction and also optomechanics. Moreover,
a large power handling capability is important in the context
of microwave photonics.

APPENDIX A: LINEAR AND NONLINEAR CROSS
SECTIONS

In the context of the coupled mode theory, effective cross
sections are used to connect the spatially distributed linear
and nonlinear interaction occurring in nonhomogeneous media
to the total power P � jaj2 propagating through it. This de-
fines the normalization

R
S d

2rẑ · �e	q ×hq 0 �eq 0 ×h	q ��4δq;q 0 .
Consequently, the nonlinear coefficient γ is calculated as an
integral of the normal mode

γ � ωn2ϵ20c0
4a

Z
V
d3rϵrχr

2jej4 � je · ej2
3

: (A1)

Here, χr � χ�3��r�∕χ�3� is the ratio between the spatial dis-
tribution of the nonlinear tensor to a reference value. If the
nonlinear material is homogeneous and is defined in a subvo-
lume V NL, then χr � 0 in this volume and vanishes outside.
The effective area for the χ�3� process is related to γ through the
definition

Aχ�3� �
ωn2
c0γ

:

The effective area Aeff relates the power P flowing in the
waveguide to the spatial maximum of the field, and more pre-
cisely of the irradiance I � 0.5εjEj2c∕n. This defines
A−1
eff � c

2n ε0 max�εjej2�, where the mode e is normalized to
carry unitary power (

R
e × h	 � c:c: � 4). Note that here n

is the refractive index of the homogeneous material and ε is
the spatial distribution of the relative permittivity. This area
is much smaller than the mode area defined as Am �R jej2∕max�jej2�, the difference being that here the slow light
enhancement ng∕n is not taken into account. The nonlinear
parameter γ is instead related to the Kerr coefficient of the
material through the definition γ � 2πn2

λAχ�3�
and the area Aχ�3�,

which is given in Ref. [9].

Funding. “Investissements d’Avenir” program, French
Agence Nationale de la Recherche (ANR) (ANR-10-
LABX-0035) through the contact “CONDOR”; French
RENATECH Network; IDEX AAP IDI 2013 (37-2013).

Acknowledgment. A. Martin acknowledges financial
support from IDEX AAP IDI 2013.

REFERENCES AND NOTES
1. M. Dinu, F. Quochi, and H. Garcia, “Third-order nonlinearities in silicon

at telecom wavelengths,” Appl. Phys. Lett. 82, 2954–2956 (2003).

B48 Vol. 6, No. 5 / May 2018 / Photonics Research Research Article



2. D. J. Moss, R. Morandotti, A. L. Gaeta, and M. Lipson, “New CMOS-
compatible platforms based on silicon nitride and Hydex for nonlinear
optics,” Nat. Photonics 7, 597–607 (2013).

3. C. Grillet, L. Carletti, C. Monat, P. Grosse, B. Bakir, S. Menezo, J. M.
Fedeli, and D. J. Moss, “Amorphous silicon nanowires combining high
nonlinearity, FOM and optical stability,” Opt. Express 20, 22609–
22615 (2012).

4. B. Hausmann, I. Bulu, V. Venkataraman, P. Deotare, and M. Lončar,
“Diamond nonlinear photonics,” Nat. Photonics 8, 369–374 (2014).

5. B. J. Eggleton, B. Luther-Davies, and K. Richardson, “Chalcogenide
photonics,” Nat. Photonics 5, 141–148 (2011).

6. G. I. Stegeman, E. M. Wright, N. Finlayson, R. Zanoni, and C. T.
Seaton, “Third order nonlinear integrated optics,” J. Lightwave
Technol. 6, 953–970 (1988).

7. M. Notomi, K. Yamada, A. Shinya, J. Takahashi, C. Takahashi, and I.
Yokohama, “Extremely large group-velocity dispersion of line-defect
waveguides in photonic crystal slabs,” Phys. Rev. Lett. 87, 253902
(2001).

8. C. Monat, B. Corcoran, M. Ebnali-Heidari, C. Grillet, B. J. Eggleton,
T. P. White, L. O’Faolain, and T. F. Krauss, “Slow light enhancement
of nonlinear effects in silicon engineered photonic crystal wave-
guides,” Opt. Express 17, 2944–2953 (2009).

9. A. Martin, S. Combrié, and A. D. Rossi, “Photonic crystal wave-
guides based on wide-gap semiconductor alloys,” J. Opt. 19, 033002
(2016).

10. M. S. Shur, Handbook Series on Semiconductor Parameters (World
Scientific, 1996), vol. 1.

11. K. Rivoire, Z. Lin, F. Hatami, W. T. Masselink, and J. Vučković,
“Second harmonic generation in gallium phosphide photonic crystal
nanocavities with ultralow continuous wave pump power,” Opt.
Express 17, 22609–22615 (2009).

12. D. P. Lake, M. Mitchell, H. Jayakumar, L. F. dos Santos, D. Curic, and
P. E. Barclay, “Efficient telecom to visible wavelength conversion in
doubly resonant gallium phosphide microdisks,” Appl. Phys. Lett.
108, 031109 (2016).

13. K. Rivoire, S. Buckley, and J. Vučković, “Multiply resonant photonic
crystal nanocavities for nonlinear frequency conversion,” Opt.
Express 19, 22198–22207 (2011).

14. M. Gould, S. Chakravarthi, I. R. Christen, N. Thomas, S. Dadgostar, Y.
Song, M. L. Lee, F. Hatami, and K.-M. C. Fu, “Large-scale GaP-on-
diamond integrated photonics platform for NV center-based quantum
information,” J. Opt. Soc. Am. B 33, B35–B42 (2016).

15. N. Thomas, R. J. Barbour, Y. Song, M. L. Lee, and K.-M. C. Fu,
“Waveguide-integrated single-crystalline GaP resonators on diamond,”
Opt. Express 22, 13555–13564 (2014).

16. C. Monat, M. Ebnali-Heidari, C. Grillet, B. Corcoran, B. J. Eggleton,
T. P. White, L. O’Faolain, J. Li, and T. F. Krauss, “Four-wave mixing
in slow light engineered silicon photonic crystal waveguides,” Opt.
Express 18, 22915–22927 (2010).

17. Q. V. Tran, S. Combrié, P. Colman, and A. de Rossi, “Photonic crystal
membrane waveguides with low insertion losses,” Appl. Phys. Lett.
95, 061105 (2009).

18. A. Parini, P. Hamel, A. De Rossi, S. Combrié, Y. Gottesman, R.
Gabet, A. Talneau, Y. Jaouen, and G. Vadala, “Time-wavelength
reflectance maps of photonic crystal waveguides: a new view on
disorder-induced scattering,” J. Lightwave Technol. 26, 3794–3802
(2008).

19. C. Caër, S. Combrié, X. Le Roux, E. Cassan, and A. De Rossi,
“Extreme optical confinement in a slotted photonic crystal waveguide,”
Appl. Phys. Lett. 105, 121111 (2014).

20. I. Cestier, S. Combrié, S. Xavier, G. Lehoucq, A. de Rossi, and G.
Eisenstein, “Chip-scale parametric amplifier with 11 dB gain at

1550 nm based on a slow-light GaInP photonic crystal waveguide,”
Opt. Lett. 37, 3996–3998 (2012).

21. P. Colman, C. Husko, S. Combrié, I. Sagnes, C.-W. Wong, and A.
De Rossi, “Temporal solitons and pulse compression in photonic crys-
tal waveguides,” Nat. Photonics 4, 862–868 (2010).

22. A. Martin, D. Sanchez, S. Combrié, A. de Rossi, and F. Raineri,
“GaInP on oxide nonlinear photonic crystal technology,” Opt. Lett.
42, 599–602 (2017).

23. J. Li, L. O’Faolain, I. H. Rey, and T. F. Krauss, “Four-wave mixing in
photonic crystal waveguides: slow light enhancement and limitations,”
Opt. Express 19, 4458–4463 (2011).

24. J. Matres, G. C. Ballesteros, P. Gautier, J.-M. Fédéli, J. Martí, and
C. J. Oton, “High nonlinear figure-of-merit amorphous silicon wave-
guides,” Opt. Express 21, 3932–3940 (2013).

25. B. Kuyken, S. Clemmen, S. K. Selvaraja, W. Bogaerts, D. Van
Thourhout, P. Emplit, S. Massar, G. Roelkens, and R. Baets, “On-chip
parametric amplification with 26.5 dB gain at telecommunication
wavelengths using CMOS-compatible hydrogenated amorphous sili-
con waveguides,” Opt. Lett. 36, 552–554 (2011).

26. M. Pu, L. Ottaviano, E. Semenova, and K. Yvind, “Efficient frequency
comb generation in AlGaAs-on-insulator,” Optica 3, 823–826
(2016).

27. C. Husko, M. Wulf, S. Lefrancois, S. Combrié, G. Lehoucq, A.
De Rossi, B. J. Eggleton, and L. Kuipers, “Free-carrier-induced soliton
fission unveiled by in situ measurements in nanophotonic wave-
guides,” Nat. Commun. 7, 11332 (2016).

28. F. Raineri, T. J. Karle, V. Roppo, P. Monnier, and R. Raj, “Time-
domain mapping of nonlinear pulse propagation in photonic-crystal
slow-light waveguides,” Phys. Rev. A 87, 041802 (2013).

29. P. Colman, S. Combrié, G. Lehoucq, A. de Rossi, and S. Trillo, “Blue
self-frequency shift of slow solitons and radiation locking in a line-
defect waveguide,” Phys. Rev. Lett. 109, 093901 (2012).

30. S. Malaguti, G. Bellanca, S. Combrie, A. de Rossi, and S. Trillo,
“Temporal gap solitons and all-optical control of group delay in
line-defect waveguides,” Phys. Rev. Lett. 109, 163902 (2012).

31. G. P. Agrawal, Nonlinear Fiber Optics (Academic, 2007).
32. S. Serna and N. Dubreuil, “Bi-directional top-hat D-scan: single beam

accurate characterization of nonlinear waveguides,” Opt. Lett. 42,
3072–3075 (2017).

33. C. Husko, S. Combrié, Q. V. Tran, F. Raineri, C. W. Wong, and A.
de Rossi, “Non-trivial scaling of self-phase modulation and three-
photon absorption in III–V photonic crystal waveguides,” Opt.
Express 17, 22442–22451 (2009).

34. F. Liu, Y. Li, Q. Xing, L. Chai, M. Hu, C. Wang, Y. Deng, Q. Sun, and C.
Wang, “Three-photon absorption and Kerr nonlinearity in undoped
bulk GaP excited by a femtosecond laser at 1040 nm,” J. Opt. 12,
095201 (2010).

35. M. Sheik-Bahae, D. J. Hagan, and E. W. Van Stryland, “Dispersion
and band-gap scaling of the electronic Kerr effect in solids associated
with two-photon absorption,” Phys. Rev. Lett. 65, 96–99 (1990).

36. S. Grillanda and F. Morichetti, “Light-induced metal-like surface of
silicon photonic waveguides,” Nat. Commun. 6, 8182 (2015).

37. A. Villeneuve, C. C. Yang, G. I. Stegeman, C.-H. Lin, and H.-H. Lin,
“Nonlinear refractive-index and two photon-absorption near half the
band gap in AlGaAs,” Appl. Phys. Lett. 62, 2465–2467 (1993).

38. To conform to recent literature, we use the current definition of the
NL FOM, which is related by F � 2∕T to T � �2πn2�∕�λα2� > 1 the
original definition.

39. E. Sahin, K. J. A. Ooi, G. F. R. Chen, D. K. T. Ng, C. E. Png, and
D. T. H. Tan, “Enhanced optical nonlinearities in CMOS-compatible
ultra-silicon-rich nitride photonic crystal waveguides,” Appl. Phys.
Lett. 111, 121104 (2017).

Research Article Vol. 6, No. 5 / May 2018 / Photonics Research B49


	XML ID funding

