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Silicon nitride (Si3Ny) is commonly employed to integrate
third-order nonlinear optical processes on a chip. Its amor-
phous state, however, inhibits significant second-order
nonlinear response. Recently, second-harmonic generation
enhancement has been observed in Si;N; waveguides after
an all-optical poling (AOP) method. Here we demonstrate
that, after AOP of a Si;N; waveguide, for up to 2 W of
coupled pump power, the same telecom-band signal under-
goes larger interband wavelength conversion efficiency,
based on sum-frequency generation (SFG), than intraband
wavelength conversion, based on four-wave mixing. We
also confirm the appearance of a phase-matching condition
after AOP by measuring the conversion bandwidth and
efficiency of SFG at different pump wavelengths. © 2018
Optical Society of America
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Nonlinear wavelength conversion based on the Kerr effect in
integrated photonic platforms enables high bandwidth (Tb/s)
all-optical signal processing at the femtosecond time scale [1],
optical amplification [2], and lasing [3], but also mid-infrared
(IR) light generation [4—6] and emission of non-classical state
of light [7—10]. Traditionally, silicon hosted most of these dem-
onstrations because of its high nonlinearity and compatibility
with complementary metal-oxide (CMOS) fabrication stan-
dards, which is highly desirable for combining optical and elec-
tronic capabilities on the same chip. Although exhibiting a
lower nonlinearity than silicon, stochiometric silicon nitride
(Si3Ny) has been proposed for integrated nonlinear optical
processes. In fact, it also offers compatibility with CMOS fab-
rication, and additionally features lower propagation losses and
a very large transparency window, from the ultra-violet (UV) to
the mid-IR. This avoids two-photon absorption, and conse-
quently free-carrier absorption, which usually hampers silicon
waveguides when pumped in the telecom band. Silicon nitride
waveguides and resonators were then successfully employed
for high-speed data conversion [11] and signal processing
[12] in the telecom band, optical frequency combs [13],
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and supercontinuum generation [14,15]. Despite the large
number of devices enabled by processes based on third-order
optical nonlinearity (), one of the major challenges in using
materials compatible with CMOS technology is their lack of
second-order nonlinearity (y*) and, up to now, ¥ function-
alities are mostly implemented off-chip in bulk crystals or peri-
odically poled ferroelectric waveguides [16].

Recently, we reported [17] on the enhancement, of more
than three orders of magnitude, of second-harmonic generation
(SHG) in Si3Ny waveguides fabricated by low-pressure chemi-
cal vapor deposition (LPCVD). The enhancement appeared as
a consequence of an all-optical poling (AOP) process, which
consists of the irradiation of the waveguide with hundreds
of picosecond-long pulses, which are then amplified up to a
watt-level average power. Afterwards, analogous observations
have been made independently using a near-IR mode-locked
Yb-fiber laser with 6.2 ps of pulse duration in a very similar
waveguide platform [18]. The phenomenon can be explained
by the build-up with time of a static electric field (Epc) along
the waveguide, leading to an electric field induced SHG [19] in
which an effective y?) is generated through the ¥ of SizNy
via the relation y® =~ Epcy®. Similar to what has been re-
ported for the SHG in silica optical fibers [20,21], the origin
of the Epc is assumed to be given by the charge trapping of
electrons, excited by different multi-photon absorption proc-
esses from both the pump and second-harmonic waves, in de-
fect states inside the Si; N, bandgap. This process, known as the
coherent photogalvanic effect [21], implies that the quantum
interference among such different processes allows the Epc
to have the correct periodicity to quasi-phase match the
SHG at the employed pump wavelength. To be triggered, AOP
thus needs an initial SHG, which is usually present in SizNy
waveguides as a consequence of a weak, native ¥ due to inter-
face states or a non-zero average distribution of the Si-N di-
poles. An initial second-harmonic seed can be generated if
the phase-matching condition is fulfilled, i.e., the effective in-
dex of the pump mode equals the effective index of the second-
harmonic mode. Considering the strong index dispersion of
the waveguide on such a large spectral span, this condition
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is usually achieved by intermodal phase-matching, where the
second-harmonic is generated on a high-order mode.

Here we show interband wavelength conversion of a telecom
band signal toward the near-IR via sum-frequency generation
(SFG) in a SizN4 waveguide that had been previously all-
optically poled. We experimentally investigate the SFG conver-
sion bandwidth and efficiency by probing the waveguide with
a tunable continuous-wave (cw) laser. We confirm that, after
AOP, the waveguide exhibits a defined phase-matching wave-
length. Finally, we show how the interband conversion effi-
ciency (CE) by SFG overcomes by at least one order of
magnitude the intraband CE obtained by four-wave mixing
(FWM) in the same waveguide. We estimate that FWM
reaches the CE of SFG (at about -21.4 dB) for a coupled pump
power of 2 W.

The waveguide under test consists of a Si;Ny core buried in a
silicon dioxide (SiO,) cladding. The waveguide is fabricated fol-
lowing the photonic Damascene process [22] and features a cross
section of 1500 x 870 nm?. The length is 40 mm, including
inverse taper mode converters at both ends. Light is coupled into
the waveguide with 5 dB insertion losses via a lensed fiber, while
an objective is used for out-coupling with 6 dB of losses.
Propagation losses are about 1 dB (0.25 dB/cm). After the ob-
jective, the collimated beam passes through a dichroic mirror
with cutoff wavelength at 950 nm, providing about 20 dB of
attenuation of the pump at the transmission port. We monitor
the pump power at the reflecting port of the dichroic while SHG
is detected with a silicon photodetector at the transmitting port,
where we also employ an additional short-pass filter (cutoff
wavelength at 1000 nm) to eliminate residual pump light, and
a long-pass filter (cut-on wavelength at 600 nm) to filter out
possible green light coming from third-harmonic generation.

First, we induce in the waveguide a y? grating via AOP. We
modulated a telecom-band tunable fiber laser to obtain 1 ns long
pulses with a repetition rate of 5 MHz. The pulses then passed
through a two-stage erbium-doped fiber amplifier (EDFA) and a
band-pass filter 1 nm in width centered at the pump wavelength,
to eliminate pulse broadening due to self-phase modulation
within the EDFA. Coupling the pump on the transverse-magnetic
(TM) mode of the waveguide, an initial weak SHG triggers the
AOP. Figure 1(a) shows that SHG grows about 25 dB over time
when a constant pump power, measured at 34.5 dBm average at
the chip input, is sent to the waveguide. A similar enhancement
factor is extracted from the spectrum of the second-harmonic at
the beginning and at the end of the process, reported in the inset
in Fig. 1(a). Once the grating is induced and saturation is reached,
we probe the waveguide in cw regime. In this case, the peak
power coupled to the chip is much lower, and the SHG does not
show any temporal signature. In Fig. 1(b), the estimated second-
harmonic light generated inside the waveguide is shown as a
function of the coupled cw pump power. The curve shows the
expected quadratic dependence with a slightly slower slope at the
highest power. Considering the large band-gap of Si;Ny and
the employed power level, we attribute this to some possible mis-
alignment of the in-coupling stage, rather than saturation due to
muld-photon absorption. From this curve, we retrieve a CE for
SHG of about 0.08%/W, which corresponds to a y® of about
0.65 pm/V if we consider the Epc generated all over the length
of the waveguide [17].

In order to test the signal conversion capabilities of the poled
Si3Ny waveguide, we inject in the waveguide, through a 3 dB
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Fig. 1. (a) Second-harmonic generation enhancement over time at
the detector during the all-optical poling process with a pump wave-
length at 1543.5 nm. Inset: spectra of the second-harmonic of the
pump source before and after the poling. (b) Estimated SHG inside
the waveguide as a function of the pump power in cw regime. The red
line represents a guide for the eye following a quadratic scaling.

coupler, an additional telecom-band tunable cw signal. After
the dichroic mirror, the remaining pump, SHG, and SFG
are coupled into a multi-mode fiber through a parabolic mirror
and sent to an optical spectrum analyzer. In this configuration,
light at the pump and second-harmonic bands undergo, from
the chip output to the detector of the spectrometer, about
30 dB and 10 dB of losses, respectively.

Figure 2(a) shows an example of wavelength signal conver-
sion within the pump band (intraband conversion), where
an idler wave is generated by FWM at the wavelength 1; =
ApAs[ (24, = A,). In addition to this 2 process, and for the
same coupled pump and signal powers, the waveguide clearly
shows interband wavelength conversion from the pump to the
SHG wavelength region [Fig. 2(b)]. Here, apart from the
second-harmonic of the pump wave, we also observe that
the signal is converted by SFG, a y® process, to a wavelength
given by Aspg = 4,4,/ (4, + 4,). The conversion bandwidth for
SEG is retrieved experimentally by sweeping the signal in wave-
length. First, the pump is positioned at 1543.5 nm, the same
wavelength used for the AOP. The results, plotted in Fig. 3(a),
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Fig. 2. (a) Example of FWM spectrum when 24 dBm of pump and
2 dBm of signal are coupled in the waveguide. (b) SFG spectrum with
same pump and signal power and wavelength as in (a). The power
levels of (b) are 20 dB larger then in (a) because of the disparity in
the transmission of the dichroic mirror at the chip output.

clearly show that a maximum efficiency is reached when signal
and pump lasers have the same wavelength. In this case,
when the signal wavevector f(4;) coincides with the pump
wavevector f}(4,), the phase mismatch for SFG (Afspc =
P(4,) + B(4,) - B(Asec)) reduces to the phase mismatch for
SHG (Afsec = 26(4,) - p(4,/2)). The appearance of the
maximum thus indicates that the phase mismatch is zero when
P(4) = P(4,) and confirms that, after AOP, the waveguide can
phase match the SHG of a laser placed at the poling wavelength
[17]. The conversion spectrum is fitted with

2w5p6 Ly Y S ) z (Sin(AﬁSFGL/ 2)) 2 (1)
APsecL/2 '

where L is the length of the ¥ grating and ngp the effective
index of the SFG mode. The overlap integral S is obtained by
simulating the waveguide dispersion and mode profiles with a
finite-element-method-based software [17]. We assume both
SHG and SFG to be on the same high-order TM waveguide
mode characterized, before AOP, by the lowest phase mismatch
with the pump on the fundamental mode. Clearly, the mea-
sured conversion bandwidth is larger than theoretically
expected when considering L = 40 mm (green curve). This

Psrg = PPPJ(
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could suggest that a shorter grating of about 4 mm (blue curve)

is actually inscribed in the waveguide, as recently reported
also in Ref. [23]. In this case, y® would scale accordingly.
However, other mechanisms which could be responsible for
the broadening, notably phase fluctuation along the waveguide
and involvement of multiple waveguide modes, are under
investigation in our lab.

When changing the pump frequency from w, to
w, = ®, + Aw, we do not expect to observe a change in
the wavelength position of the maximum efficiency for SFG.
In fact, imposing that phase-matching is always achieved when
P(wy) + p(w,) = 2p(w,), and neglecting the effective index
dispersion on the fundje)lmental mode given that Aw <« w,,
the optimal signal frequency is thus given by w, = @, - Aw.
Therefore, SFG shows its maximum at wgeg = @), + @, =
2w,. In Figs. 3(b) and 3(c), we show the spectra obtained by
sweeping the signal, for a pump wavelength at 1545 nm and
1548 nm, respectively. The results confirm that the phase-
matching peak for SFG remains at the same position when
changing the pump wavelength to 1545 nm. The small
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Fig. 3. SFG spectra sweeping the signal around the pump placed at
(a) 1543.5 nm (poling wavelength), (b) 1545 nm, and (c) 1548 nm.
Coupled pump and signal powers are 24 dBm and 2 dBm, respectively.
Green (blue) curve: Eq. (1) considering sum-frequency generated
in eighth TM mode; L = 40 mm (4.1 mm). The dashed red lines
indicate maximum SFG for the pump at 1543.5 nm.
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Fig. 4. SFG and FWM conversion efficiencies as a function of the
pump power. The pump wavelength is at 1543.5 nm, while the signal
is at 1543 nm. The red lines are the fit of the experimental points. The
red dot represents the estimated parity point for the efficiencies of the
two processes.

measured blue-shift for the longest pump wavelength [Fig. 3(c)]
can be explained by considering that the larger is the shift (Aw)
from the poling wavelength, the stronger is the contribution of
the effective index dispersion. Figure 3 also shows that when the
pump is red-shifted by 4.5 nm, SHG drops by 18 dB, but SFG
stays within less than 3 dB variation, while the SFG conversion
bandwidth does not clearly change.

Finally, we compare the CE of both FWM and SFG proc-
esses. We set the pump to the poling wavelength and the signal
0.5 nm away from the pump, such that the efficiency drop due
to pump-signal phase mismatch can be neglected. In this con-
figuration, we varied the pump power, keeping the signal power
constant, and calculated the CE for FWM as the idler over sig-
nal power, and CE for SFG as SEG power over signal power.
As seen in Fig. 4, both processes follow the correct power scal-
ing as a function of pump power, namely, quadratic for FWM
and linear for SFG. However, this result clearly shows that
within the investigated pump powers, the interband signal
CE, based on SFG, is at least 10 dB higher than the intraband
FWM CE. From Fig. 4, we also estimate that the efficiency of
FWM surpasses that of SFG for at least 2 W of pump power
coupled to the waveguide. The y® we estimated from FWM
is about 102! m?/V?, in agreement with what is reported
for SizNy [24]. In principle, difference-frequency generation
(DFG) between SHG and signal can produce a wave at the
idler wavelength too. However, this cascaded second-order pro-
cess scales with (y?)%, and is at least two orders of magnitude
lower than FWM, which scales with (y)2.

In conclusion, we have compared the efficiency of SFG and
FWM for interband and intraband signal conversions in a SizNy
waveguide that had been all-optically poled. We have confirmed
the existence of a defined phase-matching condition for the y?
process at the poling wavelength. This result shows that,
although single-pass Si;N, waveguides have been used mostly
as a y® medium, while ¥ processes were evident by only em-
ploying resonant structures [25], the AOP method allows to
efficiently integrate both y? and y® processes on the same
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CMOS-compatible photonic platform. This result can therefore
potentially enable new photonic integrated functionalities, such
as interband parametric amplification and oscillation, phase-only
modulation, on-chip self-referencing of optical frequency combs,
and generation of non-classical states of light.

Funding. H2020 European Research Council (ERC)
(771647); Defense Advanced Research Projects Agency
(DARPA) (HR0011-15-C-0055).
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