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Abstract: Using Fourier optics, we retrieve the wavevector dependence of
the third-harmonic (green) light generated in a slow light silicon photonic
crystal waveguide. We show that quasi-phase matching between the third-
harmonic signal and the fundamental mode is provided in this geometry by
coupling to the continuum of radiation modes above the light line. This
process sustains third-harmonic generation with a relatively high efficiency
and a substantial bandwidth limited only by the slow light window of the
fundamental mode. The results give us insights into the physics of this
nonlinear process in the presence of strong absorption and dispersion at
visible wavelengths where bandstructure calculations are problematic. Since
the characteristics (e.g. angular pattern) of the third-harmonic light
primarily depend on the fundamental mode dispersion, they could be readily
engineered.
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1. Introduction

Slow light propagation in photonic crystal (PhC) waveguides has attracted significant
attention for its potential to increase the efficiency of nonlinear optical phenomena over short
path lengths [1,2]. Following theoretical work that predicted such enhancement [2-5], several
experimental demonstrations have confirmed this effect in the context of self-phase
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modulation [6-9], interaction with free carriers [6,8], two- [6-9] and three- [10] photon
absorption in both 111-V semiconductors [8-10] and silicon [6,7]. These results demonstrate
that slow light modes in PhC waveguides can induce nonlinear effects at lower input powers
and in shorter waveguides [11] than fast light modes [12]. In addition, the wide bandwidth
associated with some of these slow light features [6,7,11] should allow nonlinear optical
signal processing on a chip at ultra-fast data rates.

Slow light propagation in PhC waveguides has also been shown to produce efficient third-
harmonic generation (THG) [13] (another ¥ based nonlinear process), which manifests as
the out-of-plane emission of (green) visible light from the conversion of a near-infrared
optical pump coupled into the waveguide (see Fig. 1). In this context, the slow light PhC
waveguide had two critical functions: (i) increasing the otherwise poor efficiency of the THG
process, and (ii) allowing for the extraction of third harmonic (TH) visible light, before it was
fully absorbed by silicon. In that work, we showed that slow light played a key role in
determining the THG efficiency, estimated to be ~10~" for 10W coupled peak power.

This paper gives new insights into the underlying physics of THG in silicon PhC
waveguides by investigating the role of phase matching between the fundamental mode and
the TH light. The physics of this process is hard to determine theoretically, in part due to the
difficulty of calculating reliable PhC bandstructures for silicon at visible wavelengths, in the
presence of strong material dispersion and absorption. Here, by using Fourier optics, we
directly measure the wavevector (equivalent to the outgoing angle of emission, see Fig. 1) of
the TH light generated in slow light silicon PhC waveguides. We show that when tuning the
wavelength of the near-infrared pump over ~15nm in the slow light region, the TH light
wavevector follows a variation imposed by the fundamental mode dispersion. This suggests
that quasi-phase matching primarily dictates the characteristics of the TH light in these
structures. We interpret these results as the coupling of the TH light to the continuum of
radiation modes above the light line, which provides a relatively efficient pathway for THG in
a system where the quasi-guided modes are (i) poorly matched with the fundamental mode,
and (ii) have a finite lifetime, lowered by the absorption of silicon in the visible.

TH light emitted out of the plane (3w)

Near- mfrared \ \\ \ \ ‘»»'-'-'t

pump (o) = —

Fig. 1. Schematic of our experiment of THG in a PhC waveguide. The near-infrared pump
signal (frequency ®, wavevector k,(w)) is butt-coupled into the waveguide, while the TH light
(3w, k,(3m)) is generated with an outgoing angle of emission that is directly related to the TH
wavevector k,(3o).

2. THG induced green light emission in slow light silicon PhC waveguides

The silicon PhC waveguides are created within a periodic lattice of air holes (period a =
410nm) similarly to [6] and their fabrication is detailed in [14]; they are 80um long,
suspended in air, and connected to access ridge waveguides that are tapered in width close to
the PhC waveguide (see inset of Fig. 2a) to improve light insertion from a butt-coupling
arrangement of lensed fibers. The PhC waveguides are modified versions of the conventional
W1 PhC waveguide created by omitting a single row of holes. Broadband slow light is
obtained by slightly shifting the first two rows of holes either side of the waveguide core to
engineer the fundamental mode dispersion [15], an example of which is displayed on Fig. 2a.
The measured [16] spectral variation of group index ng is represented on Fig. 2b and displays
a typical “flat band” slow light window (grey area), where the group velocity is almost
constant. Unlike other more common approaches that have been used to generate slow light
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with a rapidly varying quadratic dispersion near the band-edge [8-10,17,18], this allows us to
independently investigate the effect of phase matching and group velocity on THG efficiency.

We observe the out-of-plane THG visible light emission by butt-coupling TE polarised
near-infrared optical pulses (4MHz, 8ps) from an amplified and filtered mode-locked fiber
laser into the silicon PhC waveguide. Figure 2b shows the green light power when the pump
wavelength is tuned between 1548nm and 1558nm, for a fixed pump power (10 W peak)
coupled to the PhC waveguide having the dispersion of Figs. 2a, 2b. As already demonstrated
in Ref [13] there is a strong correlation between the THG efficiency and the group velocity of
the near-infrared pump signal. This dependence is even more striking here when probing the
waveguide in the “flat band” slow light region (denoted as the grey area) where the group
velocity does not vary significantly (see Fig. 2b), but the wavevector of the pump does (see
Fig. 2a). The fact that the TH power is almost constant in this spectral window emphasizes the
slow light dependence of THG, and the apparent negligible role of phase matching in this
case, in agreement with the results reported in Ref [13].

0.272 . x . — o
0.270 = £ * -
270 o, it 10 ©
- ., 0 E
0.2681 % *x o & .. 3
S 0.266 = 2 é
o E <;© 0 s
0.264 4 g Y 5 -g
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7] . g - 4
0.2624 a . 20 3
21 e* &
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(@) K (w) [2n/a] (b) Pump wavelength [nm]

Fig. 2. (a) Calculated dispersion of the fundamental mode of a slow light engineered silicon
PhC waveguide (inset: SEM image). (b) Average TH power (black circles) when tuning the
wavelength of the pump with a fixed power, and measured group index (red stars) dispersion of
the fundamental mode. The grey area denotes the spectral region where vy is almost constant
and equal to ~c/40.

3. Measuring the wavevector dispersion of the THG induced green light
3.1 Phase matching and THG

The efficiency of THG in a homogeneous medium depends on phase matching between the
fundamental beam (angular frequency m, wavevector k,(®) along the propagation direction)
and the TH beam (angular frequency oty = 30, wavevector k,(wry)) as they co-propagate
along the z direction. The conversion efficiency is maximum when those beams are perfectly
phase matched, that is k,(w7) = 3K,(w). The PhC partially relaxes this constraint: the THG
efficiency is then maximum when k,(ory) = 3k (@) + mG (so-called quasi-phase matching
[19]) with m being an integer, and G a reciprocal lattice vector of the PhC, here equal to 27/a.

In Ref [13], we demonstrated experimentally that the variation in THG efficiency with
wavelength was consistent with slow light enhancement. We argued that the strong absorption
of the TH light strongly weakened any effects of phase matching since the absorption length
(~1pm) at 3o was much less than the coherence length (> 2um) associated with the maximum
phase mismatch between the fundamental and TH beams in the PhC waveguide. Here, we
experimentally corroborate this argument by investigating this process more thoroughly. We
systematically measure the TH wavevector k,(wty) of the directive TH light emitted out-of-
plane, in order to directly determine the role of phase matching between the two signals.

3.2 Imaging the third-harmonic light using Fourier optics

Because end-fire butt-coupling imposes a fixed position of the sample between the two lensed
fibers, the angle of the green light emission cannot be directly measured through moving the
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sample axis, as is done when probing harmonic generation in periodic structures using surface
probe experiments [19,20]. Instead, we use a method inspired by the Fourier space imaging
developed by Le Thomas et al. for retrieving the dispersion of PhC waveguide modes in the
near infra-red [21,22]. The idea is to directly measure the wavevector of the green light
emitted out of the chip through a suitable combination of lenses, as schematically represented
in Fig. 3. In this way we image, onto the CCD2, the sample in the Fourier plane at the TH
frequency (~520nm), while observing the real image of the waveguide on the CCD1.

Real image (visible)

Beam-splitter CCD 2

»»»»»»»» +-----Fourier plane

:5 Microscope objective

! N.A. 0.42

Optical pump pulses: bS Fourier space image
8ps, 0.5nm, A~1560nm X (520nm)

Fig. 3. Set-up used to measure the angle, and in turn, the wavevector of the TH light, generated
out of the plane from the conversion of a near-infrared pump signal butt-coupled into the
silicon PhC waveguide. A real image of the sample is produced onto CCD1 (inset a,b), while
the associated image in the Fourier space (i.e. k-space) is produced onto the CCD2 at ~520nm
(inset ¢).

The images onto CCD1 (Figs. 3a, 3b) show the spatial pattern of the green light emission
along the waveguide axis: the strong decay observed in the direction of propagation is mostly
due to the linear and nonlinear absorption of the fundamental mode, as enhanced by slow light
[11,13]. The images onto CCD 2 (see Fig. 3c) typically display one or several narrow lines
that are elongated in the direction perpendicular to the waveguide axis z due to the optical
confinement across the waveguide width. The position of these lines along the z direction is
related to the outgoing angle of the generated TH light, from which we infer the wavevector
component k,(owry) of the TH mode supported by the PhC waveguide above the light line.

3.3 Results: dispersion of the third-harmonic generated light

We measure the dependence of k,(wry) while tuning the wavelength of the near-infrared
pump (between 1542nm and 1558nm). Detectable green light emission was observed
throughout this wide spectral range due the relatively high THG efficiency provided by the
low group velocity (between ~c/15 and ¢/50) of the fundamental mode over this 15nm spectral
window. Figure 4a shows some of the collected Fourier space images and Fig. 4b displays on
a 2D map the inferred dispersion (k (o), o) of the THG induced light. While knowledge
of the absolute value of the k(o) wavevector would require an accurate calibration step, we
obtain a reliable measurement of the relative dispersion K (wry) expressed in the standard
units of [2w/a] by using the diameter of the objective N.A. ( = 0.42) limitation visible onto the
CCD2 images (white dashed circle on Fig. 3c).

From the bandstructure calculations (using a 3D plane wave expansion method) of the
fundamental mode, we also plot on Fig. 4b, the dispersion curve (k,(30),3®) corresponding to
the case where quasi-phase matching would be met, that is k,(30) = 3k,(®)-2a/a. This red line
curve corresponds to a 3 times stretched replica of the fundamental mode dispersion (k (®),®)
folded back into the 1st Brillouin zone. The dispersion of the brightest feature of the 2D map
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of Fig. 4b follows surprisingly well the dispersion calculated from the quasi-phase matching
condition. Despite a horizontal and constant Ak, shift, the relative k,(3w) experimental
dispersion almost coincides with the stretched dispersion of the fundamental mode. This Ak,
shift (~0.03 [2n/a]) corresponds to a 2 degrees offset deviation of the objective optical axis
from the direction perpendicular to the chip.

0 005 01 015 02 025 03

k,(3w) [27/a]

Fig. 4. (a) Fourier space images of the slow light silicon PhC waveguide W14816 at the TH
frequency, when tuning the wavelength of the pump between 1542nm and 1557nm. (b) 2D map
of the TH light dispersion (k,(wt), ®t4 = 30) inferred from these images (colorbar increases
with the green light intensity). The quasi-phase matching condition (3k,(w)-2n/a, 3w) predicted
from the calculated fundamental mode dispersion (k(®), ®) is superimposed (red dots).

(0)

It is highly unlikely that one mode around the TH frequency has the required dispersion to
exactly meet the quasi-phase matching condition over the 15nm spectral window, and
approximate 2D calculations of the bandstructure around the TH frequency did not show any
evidence of that [13]. Instead, these results suggest that the density of modes at the TH
frequency is so large that there will always be at least one mode that can support the green
light emission while ensuring quasi-phase matching with the fundamental. This interpretation
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is reinforced by the change in the green light mode pattern in Fig. 4a when tuning the pump
beam from 1547nm to 1557nm: the central antinode is progressively replaced by a node,
which suggests that different modes support the TH emission at different pump wavelengths.

We probed two other slow light engineered PhC waveguides with slightly different
dispersion and observed similar results. The k,(3w) wavevector associated with the brightest
feature exhibited on the CCD2 images primarily follows the variation imposed by the quasi-
phase matching condition with the fundamental (see Figs. 5a, 5b). In addition, when
correcting for the systematic Ak, ( = 0.03) offset common to all measured TH dispersions, we
obtain, for the brightest features of the 2D maps of Figs. 4 and 5, three distinct spectral
variations (k,(3w), 3w) that are in very good agreement with the respective fundamental mode
stretched dispersions (see Fig. 5¢). This reemphasizes the primary dependence of the excited
TH mode on the fundamental mode dispersion, which differs from guide to guide.

0.05 01 0.15 0.2 025 0.05 0.1 0.15 0.2

(@) k,(3w) [27/a] (b) k,(3w) [27/a]

0.798 ——W14816 -
—W15010

0.796 4 W15200 ]

0.794 -
£ 0.792

<

S 0.790
0.788 -

0.786

0.784

0 ‘OO 0 '05 0 VYO 0 '15 0 '20 0 125 030
© K (®,,),3k ()-2n/a [2n/a]

Fig. 5. (a,b) Dispersion (K. (oth),0tH = 3®) of the TH, inferred from the CCD2 images for two
slow PhC waveguides ((a) W15200, (b) W15010) with different dispersion. (c) Comparison
between the measured TH dispersion extracted from the brightest features of Fig. 4(b) and Figs.
5(a,b) (dots), and the quasi-phase matching condition (3k,(w)-2n/a, 3w) predicted from the
calculated fundamental mode dispersion (k/(®), ®) for each waveguide (solid lines). All
experimental TH dispersion in (c) have been shifted by a constant Ak, = + 0.03 [27n/a] offset.

Concluding from these results that the modes at the TH frequency only consist of a
continuum of states would not be accurate. For instance, the images displayed on Figs. 6a and
6b, which are associated with the waveguides of Figs. 5a, 5b excited at a particular pump
wavelength, exhibit several discrete lines. We attribute these lines to distinct modes at the TH
frequency which are all closely enough phase matched with the fundamental mode to be
excited, thereby competing to support the TH field.
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Fig. 6. (a,b) Fourier space images of the THG induced green light emitted from two different
slow light PhC waveguides pumped at 1554nm.

4, Discussion

To discuss these results, it is worthwhile reviewing the classification of modes supported by
PhC slabs. Leaving the linear defect aside, PhC slabs support three kinds of modes: (I) truly
guided modes (like the one sustaining the pump signal) that are confined in the slab and
propagate without any intrinsic loss, (1) quasi-guided (resonant) modes that are still bound to
the slab but are intrinsically leaky, and (lll) radiation (non resonant) modes that are not
confined in the slab [23,24]. The in-plane wavevector of these modes lies either below (modes
I) or above (modes Il and 1) the light line of the cladding material. While the dispersion of
the Bloch modes of type | and Il exhibit discrete bands, radiation modes 111 form a continuum
above the light line.

Because the 1st Brillouin zone at the TH frequency lies entirely above the light line, THG
in our structures converts the guided fundamental mode to either a quasi-guided mode Il or a
radiation mode 111, both of which are, at least partially, coupled out of the plane. In practice,
these resonant and non resonant modes provide competing channels for supporting the TH
light, and the predominant pathway is determined by their relative conversion efficiencies
[25,26]. Quasi-phase matching of the fundamental and the TH wavevectors is essential for
high THG efficiency, even if the TH mode is not a truly propagating mode, in which case, a
generalized residual version of the quasi-phase matching condition still prevails [25]. Due to
the continuum of radiation modes III in the (k,m) space, there is always a radiation mode for
which quasi-phase matching is guaranteed. By contrast, quasi-phase matching with resonant
modes Il is only met when their dispersion coincides with the stretched dispersion of the
fundamental mode [25-27]. This latter situation has been shown to produce local maxima in
the conversion efficiency of second harmonic generation (SHG) within 1D and 2D periodic
lattices, due to the field localization of the resonant modes in the nonlinear slab [25,28].
However, this phenomenon is not always observed in 2D periodic geometries because, unlike
in (1D) Bragg periodic structures [28-30] mode matching is more complex than just matching
the wavevectors of the fundamental and generated beams [26]. In addition, due to the leaky
nature of the TH modes above the light line, the THG efficiency also depends on the (finite)
lifetime of these modes, which is here strongly reduced by absorption.

The continuously phase matched character of the TH light measured in section 3 suggests
that coupling the TH light to a (quasi-phase matched) radiation mode forms in our structures
the preferential pathway for THG. Although evidence of quasi-guided modes is noticeable on
some of the recorded images (Fig. 6), their presence does not seem to strongly influence the
THG efficiency. Little improvement is apparently gained by coupling the TH to a resonant
mode rather than to a non resonant mode. A similar effect was previously observed for SHG
in planar PhCs, in which the doubly resonant conversion did not provide much additional
enhancement over the resonant to non resonant conversion [31,26]. The absence of
superimposed local enhancement when crossing the dispersion of resonant modes is here
attributed to (i) the poor mode matching between the resonant modes at 3w and the
fundamental, and (ii) the low Q-factor or lifetime associated with these resonant modes, due
to strong absorption of silicon at visible wavelengths.
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In general, several parameters have been identified for increasing harmonic generation
efficiency in periodic structures: (1) local field enhancement produced, for instance, by slow
light, (2) coupling to (resonant or guided) modes localized into the slab, (3) fulfillment of the
quasi-phase matching condition, and (4) the spatial overlap between the fundamental and
harmonic modes, defining along with (3) a generalized “mode matching” condition, as
relevant to 2D PhC geometries [26]. The quasi-phase matching condition is guaranteed by the
coupling to radiation modes in the absence of resonant modes correctly matched with the
fundamental. Arguments (1) and (2) (field localization, slowing down) are a priori desirable
for both the fundamental and the TH light. Here, field localization is likely to be detrimental
for the TH beam due to the strong material absorption at the TH frequency, whereas it is
critical for the pump beam given the nonlinear dependence of the THG efficiency on the
pump electric field intensity. In addition to slowing down of the fundamental to increase the
THG efficiency through (1), the condition (2) is here naturally guaranteed for the fundamental
by the butt-coupling configuration, which enables the excitation of an intrinsically lossless
guided mode (I) that is strongly confined within the linear defect PhC waveguide. Note that
all free-space coupling schemes used previously for probing SHG and THG were able to
couple the fundamental to, at best, resonant modes with a finite lifetime [31-33]. The overall
external conversion efficiency depends not only on the internal conversion efficiency between
the incoming and outgoing modes, but also on the coupling efficiency of the outgoing mode to
the upper half space, which is, here, a priori maximum for radiation modes.

While quasi-phase matching between resonant PhC modes is considered as a way to
further increase the efficiency of SHG and THG processes, it generally occurs over narrow
bandwidths. By contrast, we obtain here a relatively high THG efficiency whenever the group
velocity of the pump is low enough, through the conversion of the guided fundamental mode
into the continuum of radiation modes. This allows THG in our system to occur over a
broader bandwidth, making it suitable for high-speed nonlinear operation. We have
demonstrated, in particular, that the emission of green light was sensitive to signal impairment
and thus could be used for monitoring the quality of near-infrared optical data at 160Gbit/s
[34] and 640Gbit/s [35].

While calculations of a reliable bandstructure at the TH frequency have proved to be
difficult due to the strong material dispersion and absorption, these results highlight that
knowledge of the fundamental mode dispersion alone is sufficient to optimize, engineer and
predict, to first approximation, the spectral and angular characteristics of the TH light
emission. For instance, we could increase the collection efficiency of the green light by
engineering the PhC waveguide, such that the quasi-phase matched TH has a close to vertical
angle of emission. Another interesting consequence is that THG provides a nonlinear
spectroscopic tool for probing the dispersion of the PhC waveguide fundamental mode itself
with a simple (no interferometer) technique.

5. Conclusion

We have used Fourier optics techniques to measure the dispersion of THG induced visible
light emission from slow light silicon PhC waveguides by directly probing the wavevector
(equivalently, the outgoing angle) of the directive TH light emitted out-of-plane. The results
reveal that the characteristics of the TH light are governed by the dispersion of the
fundamental mode, via quasi-phase matching conditions. We infer that, in this geometry,
THG involves the conversion of the well-confined and guided near-infrared fundamental
mode into the continuum of radiation modes of the PhC slab above the light line at the TH
frequency. The absence of any evident local maxima in the THG efficiency expected from
coupling to resonant modes at 3w is attributed to the low lifetime of these modes, which is
greatly reduced by material absorption, and to their poor mode matching with the
fundamental. The continuum of radiation modes form a reservoir of quasi phase matched
modes at 3w that supports THG with a reasonable efficiency, and most importantly over a
substantial bandwidth, only limited by the group velocity of the pump. The fact that the
characteristics (spectral, angular pattern) of the TH light primarily depend on the fundamental
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mode of the PhC waveguide makes it possible to engineer and predict the TH properties,
while, conversely, it gives information about the fundamental mode itself.
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