50 dB Parametric Gain in Silicon Photonic Wires
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A pulsed mid-infrared pump at 4 = 2173 nm is used to demonstrate wideband optical parametric gain in a low-loss 2-cm
long silicon photonic wire. Using dispersion engineering to obtain negative second-order (/) and positive fourth-order (/)
dispersion, we generate broadband modulation instability and parametric fluorescence extending from 1911 nm - 2486 nm.
Using a cw probe signal to interrogate the modulation instability spectrum, we demonstrate parametric amplification > 40 dB
with an on-chip gain bandwidth wider than 580 nm, as well as narrowband Raman-assisted peak gain > 50 dB. © 2011
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Two-photon absorption (TPA) in Si vanishes at
wavelengths approaching 4 = 2200 nm, while its
nonlinear Kerr refractive index m stays comparatively
constant [1, 2]. Hence, the nonlinear figure of merit (FOM)
(/) increases dramatically near silicon’s TPA threshold.
The large intrinsic nonlinearity of Si, when patterned into
high-index-contrast dispersion-engineered silicon photonic
wires, produces an ideal platform for the exploration of
highly efficient, broadband, coherent nonlinear optical
processes [3, 4]. This platform can serve as an ideal host
for chip-scale mid-IR applications [5-8] including
molecular spectroscopy, free-space communication, and
environmental monitoring.

Previously we reported a mid-IR optical parametric
amplifier (OPA) with on-chip gain over a bandwidth of
220 nm in a 4-mm long silicon wire [5]. Using an
improved Si wire design, we demonstrate here broadband
mid-IR modulation instability (MI), having a bandwidth
greater than 580 nm centered at a 2173 nm pump
wavelength. The intense MI spectrum correlates with
unprecedented values of on-chip parametric gain,
exceeding 40 dB. Moreover, we demonstrate that on-chip
gain can exceed 50 dB in narrow Raman-scattering-
assisted bands.

Our silicon wire is fabricated on a 200 mm silicon-on-
insulator (SOD wafer in a CMOS pilot line and is 2 cm
long, with cross-sectional dimensions of 900 nm x 220 nm
(inset Fig. 1(a)). The top and bottom cladding consist of air
and a 2 pm buried oxide (BOX), respectively. The
waveguide operates in the fundamental quasi-TE mode,
and has propagation losses of < 2.8 dB/cm for A= 2000 -
2500 nm. These engineered waveguide dimensions
produce a waveguide effective nonlinear parameter y ~
130 Wm and anomalous dispersion conditions (% < 0)
at wavelengths from 1800 - 2400 nm, as plotted in Fig.
1(a). Furthermore, 4t-order dispersion is small and
positive (B: > 0) within the same wavelength range, which
is needed for achieving broadband phase matching.

To achieve an efficient degenerate four-wave-mixing
(FWM) process, i.e. two pump photons converted into one
signal and one idler photon, 2w, = @ws + wj, the phase

@ - 3 Air cladding 3 _%L
5% ol [sor] 1} /=220 nm 1, & -
& =5
E |BOX w =900 nm ‘ S g
BT IE 123
S 3 z2
320 \/ 05 °

S =

1 . . . i i 1 2

1400 1600 1800 2000 2200 2400 2600

Wavelength (nm)
\ _..- Ultra-Broadband

) -8 T AT T
7. //ﬁ/ 7. /X/ o 7 2P
l\\\\%\}\\\\\\\\\\\\\\\ N

U\

Broadband Discrete-band

Fig. 1. (a) Plot of 2nd-order (solid black curve) and 4%-order
(dashed blue curve) dispersion for the fundamental quasi-TE
mode of the silicon wire design shown in the inset. (b) Schematic
illustration of pump-detuning-dependent broadband, discrete-
band, and ultra-broadband phase-matched solutions for FWM.

matching condition [9] restricts the frequency detuning of
signalfidler from pump Aw = |ap — ws|= |wp — wil to
values that satisfy |Aks + 2yP | <2n/L or 2yP- 21/ L<-Ak
< 2yP+ 21/ L, where Ak; is the linear phase-mismatch in
propagation constants between signal/idler and pump, Ak;
= (ks + k) — 2k, Pis the input pump peak power and L is
the waveguide length. Graphically, when the —-Ak; curve
falls into a band between 2yP —2n/L and 2yP + 2n/L G.e.
the shadowed bands in Fig. 1(b)), efficient phase matching
results. Using a Taylor-series, —Ak; can be related to Aw
through -Ak -AA®? - BlA*12. A typical
representation of such a relation is shown as the black
curve in Fig. 1(b). Clearly such a relation initially
increases, then peaks, and decreases under the conditions
A <0& B> 0. At low power levels, there exist two phase-
matched bands, (shown by a solid black and dashed black



arrow). For small frequency detuning, a region typically
seen in parametric amplification [3, 4], the gain is
broadband; at large frequency detuning, the gain has a
narrower bandwidth, termed here a “discrete”band [10-
12]. In addition, with increasing power level, the
broadband phase-matched band and the discrete band
shift away from and closer to the pump, respectively, until
at high power levels, these two bands eventually merge
together to create an even broader phase-matched band;
this ultra-broadband is shown with the dotted blue arrow.
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Fig. 2. (a) Input (dashed magenta) and output (solid blue) pump
spectrum, taken with an input peak power P~ 13.5 W and A =
2173 nm, illustrating ultra-broadband MI, and Raman
Stokes/anti-Stokes peaks. (b) Series of FWM spectra with the
pulsed pump co-propagating with a cw mid-IR signal at various
wavelengths. The pulsed pump is centered at A = 2173 nm, and
has P ~ 13.5 W. (¢) Spectrum of on-chip parametric signal gain
(black squares) and idler conversion gain (red triangles). Fiber-
waveguide coupling loss is shown by the blue trace.

We performed a series of FWM experiments to
investigate the bandwidth and magnitude of the
parametric gain and wavelength conversion when
operating within the ultra-broadband phase-matching
region. The Si wire is pumped with a picosecond pulse
train (FWHM ~ 2 ps, repetition rate = 76 MHz) from an
OPA, operating at A = 2173 nm. The probe signal comes
from a cw tunable mid-IR laser. The polarization of pump
and probe are individually controlled to excite the Si
wire’s quasi-TE mode using in-line fiber polarization
controllers. Pump and probe are multiplexed with a 90/10
single-mode fused-fiber coupler. Coupling into and out of
the 2 cm-long silicon wire is via tapered lensed fibers, with

coupling losses of ~ 10 dB/facet. An optical spectrum
analyzer (OSA) is used to record the input and output
transmission spectra at 1 nm resolution bandwidth.

The dashed magenta trace in Fig. 2(a) depicts the
pulsed pump spectrum at the input of the photonic wire.
The pump has an instrumentation-limited signal-to-noise
ratio larger than 75 dB, and a peak on-chip power of P~
13.5 W. The spectrum obtained at the wire output after
transmission of the pump (solid blue curve in Fig. 2(a))
exhibits two features commonly observed for pulse
propagation through nonlinear waveguides, these being
self-phase modulation-induced (SPM) spectral oscillations
on the original pump spectrum, as well as a spectral blue-
shift due to residual free-carrier dispersion [13]. Moreover,
the transmitted spectrum exhibits additional two
substantial modifications, each of which has been
observed for the first time in silicon photonic wires. Most
notably, the output spectrum is characterized by the
emergence of a strong ultra-broadband modulation
instability (MI) background [9, 14], having a bandwidth
extending from 1911 nm to 2486 nm. Furthermore, a
prominent Raman Stokes peak, down-shifted from the
pump by ~15.6 THz [8], rides on top of the MI spectrum at
A= 2411 nm. Finally, a coherent Raman anti-Stokes [15]
peak is visible at a wavelength of 1950 nm. Sharp
interference fringes occur near the Raman peaks, where
the dispersion and phase shift due to the Raman
susceptibility disrupts the broadband FWM phase-
matching condition [16].

The visibility of a strong MI background suggests that
the on-chip mid-IR parametric gain available here is far
larger than that demonstrated in previous studies [5],
where MI was not observed. As shown by the overlaid
spectra in Fig. 2(b), the parametric amplification is probed
using a cw signal with wavelengths varying from 2209 nm
- 2498 nm (8 nm step size) and generating the
corresponding idler terms from 2129 nm - 1914 nm. The
cw signal power coupled into the waveguide is kept low (<
0.06 mW) to prevent pump depletion, yet high enough to
achieve visibility of the idler above the MI spectrum. Fig.
2(c) plots the measured on-chip amplification and
conversion gain, evaluated following the approach in [5].
The mid-IR-pumped silicon wire OPA exhibits on-chip
optical parametric amplification over a bandwidth
exceeding 580 nm. Within the Raman Stokes/anti-Stokes
bands, the OPA reaches a maximum value of Raman-
assisted parametric signal/idler gain of ~ 50 dB. Note that
the gain profile also contains interference patterns near
the Raman-assisted peaks, at wavelengths of ~ 2445 nm
and ~ 1950 nm; these features are related to those seen in
the MI spectrum of Fig. 2(a). However, the number of
interference fringes observed in Fig. 2(c) is reduced,
because the cw probe’s linewidth is broadened by cross-
phase modulation [13], in combination with the limited
resolution of the 8nm probe tuning step. After
compensating for all fiber-chip coupling losses (~ 20 dB),
the OPA shows a net off-chip gain bandwidth of ~ 550 nm,
with ~ 30 dB Raman-assisted peak off-chip gain for both
signal and idler. The off-chip parametric amplification
resulting solely from FWM can be > 20 dB.

Large values of on-chip parametric amplification can
lead to pump depletion [9] and even gain saturation at



high input signal power; this is seen in a plot of output
pulsed signal/idler peak power v.s. input cw signal power
shown in Fig. 3(a). Here the input pump peak power P~
13.5 W; the signal wavelength is near the FWM
parametric gain maximum (1 = 2356 nm), but outside the
Raman band. At low signal-power levels, the power of the
amplified signal and converted idler increase linearly with
signal power, resulting in a signal and idler on-chip
parametric gain of 39.5 and 42.3 dB, respectively. The
output signal/idler power saturates at ~ 20 dBm, for
signal powers > -19dBm. This gain saturation can be
useful for limiting all-optical regeneration of signals [4],
e.g. if the input signal is larger than -19dBm, the output
signal is pinned at ~ 20dBm.
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Fig. 3. (a) Output pulsed signal/idler peak power v.s. input cw
signal power at As = 2356 nm, with input pump peak power P~
13.5 W. (b) On-chip parametric gain as a function of P, Off-chip
optical transparency is achieved with a peak power of ~ 8 W.

Fig. 3(b) plots the signal and idler on-chip parametric
gain as a function of input peak pump power while
keeping the signal wavelength at As = 2356 nm and its
power at —23.3 dBm. After compensating for the 20 dB
coupling loss, off-chip optical transparency can be
achieved for a peak pump power about 8 W. Note that this
can be further reduced with an improved coupling
mechanism, ie. a SiO«Ny coupler [17] instead of the
cleaved facets used here. The differential gain is about
10.4 dB/W at low peak power ~ 6.5 W but decreases to 2.7
dB/W for a peak power > 10 W. This decrease is in part
due to the residual nonlinear loss in the waveguide as
discussed in [5, 18]. However as shown in Fig. 3(b) even at
the highest peak power used in the experiments, the on-
chip parametric gain does not fully saturate, but instead
continues to grow, but with a reduced differential gain.

The results obtained here represent a substantial
improvement over those reported previously, for mid-IR
parametric amplification in a 4 mm-long silicon wire
waveguide [5]. The peak operating pump power is reduced
to less than half in the present device. At the same time,

the maximum on-chip gain obtained using this 2 cm-long
wire here shows an improvement of more than 25 dB,
while the on-chip gain bandwidth is increased by more
than 2.5%. These results were achieved by leveraging
judicious dispersion engineering and reduced propagation
loss in the silicon wires, to achieve dramatic increases
parametric gain and its bandwidth, including phase-
matching of the Raman scattering process
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