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A pulsed mid-infrared pump at λ ¼ 2173nm 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 (β2) and positive
fourth-order (β4) dispersion, we generate broadband modulation instability and parametric fluorescence extending
from 1911nm–2486nm. Using a cw probe signal to interrogate the modulation instability spectrum, we demonstrate
parametric amplification >40dB with an on-chip gain bandwidth wider than 580nm, as well as narrowband
Raman-assisted peak gain >50dB. © 2011 Optical Society of America
OCIS codes: 130.4310, 190.4380, 190.4970.

Two-photon absorption (TPA) in Si vanishes at wave-
lengths approaching λ ¼ 2200 nm, while its nonlinear
Kerr refractive index n2 stays comparatively constant
[1]. Hence, the nonlinear figure of merit (n2=βλ) increases
dramatically near silicon’s TPA threshold. The large in-
trinsic 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 [2,3]. This platform can serve as an ideal
host for chip-scale mid-IR applications [4–7], 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 220 nm band-
width in a 4mm long silicon wire [4]. Using an improved
design, here we demonstrate broadband mid-IR modula-
tion instability (MI), having a bandwidth greater than
580 nm centered at a 2173 nm pump wavelength. The in-
tense MI spectrum correlates with unprecedented values
of on-chip parametric gain, exceeding 40 dB. Moreover,
we demonstrate that on-chip gain exceeds 50 dB in nar-
row Raman-scattering-assisted bands.
To achieve an efficient degenerate four-wave-mixing

(FWM) process (i.e., 2ωp ¼ ωs þ ωi, where ωp, ωs, and
ωi are the pump, signal, and idler angular optical fre-
quencies), the phase-matching condition [8] restricts
the frequency detuning of signal/idler from pump Δω ¼
jωp − ωsj ¼ jωp − ωij to values that satisfy jΔkl þ 2γPj
≤ ð4γPLÞ1=2=L or 2γP − ð4γPLÞ1=2=L ≤ −Δkl ≤ 2γP þ
ð4γPLÞ1=2=L. Here, Δkl is the linear phase-mismatch in
propagation constants between signal/idler and pump,
Δkl ¼ ðks þ kiÞ − 2kp, γ is the waveguide’s effective non-
linearity parameter, P is the input pump peak power
and L is the waveguide length. Graphically, when the
−Δkl curve falls into a band bounded between 2γP −

ð4γPLÞ1=2=L and 2γP þ ð4γPLÞ1=2=L (i.e., the horizontal
hatched bands in Fig. 1), efficient phase matching is
achieved. Using a Taylor series, −Δkl can be related toΔω
through −Δkl ≈ −β2ðΔωÞ2 − β4ðΔωÞ4=12, where β2 and β4
are the waveguide’s second-order and fourth-order dis-
persion coefficients, respectively. Figure 1 schematically

illustrates a typical phase-matching relationship for β2 < 0
and β4 > 0. The solid black curve depicting −Δkl initially
increases, reaches a peak, and then decreases with in-
creasing frequency detuning from the pump.At lowpower
levels, there exist two phase-matched regions (i.e., inter-
secting with the horizontal black hatched band in Fig. 1),
as shown by the solid black and the dashed black arrow.
At small frequency detuning, a “broadband” gain region
typically seen in parametric amplification [2–4] is found.
At large frequency detuning, the gain has a narrower band-
width, termed here a “discrete” band [9–11] due to the
relatively large slope of −Δkl. When the pump power is
increased (i.e., from black to the red hatched bands),
the broadband and discrete phase-matched bands shift
closer together. At high pump power levels these two
regions eventually merge together to create a single ultra-
broadband phase-matched region, depicted by the dotted
blue arrow and blue hatched band.

We performed a series of FWM experiments to investi-
gate the bandwidth and magnitude of parametric gain
and wavelength conversion when operating within the
ultrabroadband phase-matching region. Our Si wire is
fabricated on a 200mm silicon-on-insulator wafer in a
complementary metal–oxide–semiconductor pilot line
and is 2 cm long, with cross-sectional dimensions of
900 nm × 220 nm. The top/bottom cladding consist of
air/2 μm buried oxide, respectively. The waveguide oper-
ates in the fundamental quasi-TE mode, with propagation

Fig. 1. (Color online) Schematic illustration of pump-
detuning-dependent broadband, discrete-band, and ultrabroad-
band phase-matched regions for FWM. The horizontal black,
red, and blue hatched bands correspond to conditions with
increasing pump power.

November 15, 2011 / Vol. 36, No. 22 / OPTICS LETTERS 4401

0146-9592/11/224401-03$15.00/0 © 2011 Optical Society of America



losses of <2:8 dB=cm for λ ¼ 2000–2500 nm, and has a γ
parameter ∼150 ðW · mÞ−1. The Si wire is pumped with a
picosecond pulse train at λ ¼ 2173 nm (FWHM∼2 ps,
repetition rate ¼ 76MHz) from an OPA. The polarization
of the pump and probe are controlled to coexcite the Si
wire’s quasi-TE mode using in-line fiber polarization con-
trollers. The pumpandprobe aremultiplexedwith a 90=10
fused-fiber coupler. Coupling into/out of the Si wire is via
lensed fibers, with coupling losses of∼10 dB=facet. An op-
tical spectrum analyzer is used to record the input/output
spectra at 1 nm resolution bandwidth.
The dashedmagenta trace in Fig. 2(a) depicts the pump

spectrum at the input of the Si wire. The pump has an
instrumentation-limited signal-to-noise ratio >75 dB, and
a peak on-chip power of P ∼ 13:5W. The pump’s transmis-
sion spectrum obtained at the wire output [solid blue
curve in Fig. 2(a)] exhibits features commonly observed
for pulse propagation through Si waveguides, these being
self-phase modulation-induced (SPM) spectral oscilla-
tions on the original pump spectrum, and a blueshift
due to residual free-carrier dispersion [12,13]. The trans-
mitted pump spectrum also exhibits additional modifica-
tions, several of which are observed here for the first time
in Si wires. Most notably, the output spectrum is charac-
terized by the emergence of a strong ultrabroadband MI
background [8,14], extending from 1911 to 2486 nm.
Furthermore, a prominent Raman Stokes peak, down-
shifted from the pump by ∼15:6THz [7], rides on top of
the MI spectrum at λ ¼ 2411 nm. Finally, a coherent
Raman anti-Stokes [15] peak is visible at a wavelength
of 1950 nm. Strong Raman interaction occurs within the
Si waveguide after SPM-induced spectral narrowing sig-
nificantly compresses the −3 dB bandwidth of the nega-
tively chirped input pulse from ∼740GHz to ∼140GHz
[9], a value comparable to the spectral bandwidth of
Raman scattering in Si. Sharp interference fringes occur
near the Raman peaks, where the dispersion and phase
shift due to the Raman susceptibility disrupts the broad-
band FWM phase-matching condition [16].
Figure 2(b) shows a series of pump-power-dependent

MI spectra. With increasing pump power, the centers of
the broadband MI peaks move away from the pump

(dashed red arrows), while the narrower discrete MI
peaks move closer to the pump (solid black arrows),
an observation consistent with the schematic in Fig. 1.
Using the observed detuningΔω of MI peaks from pump,
along with the values of the pump-power-dependent
nonlinear phase shift 2γP, we generate an experimental
fit describing the Si wire’s dispersion coefficients (as out-
lined in [17]). At the pump wavelength of 2173 nm, β2 and
β4 are estimated to be −0:6 ps2=m and 5:1 × 10−4 ps4=m,
respectively. While the β2 value is reasonably close to
the value of −0:52 ps2=m obtained from simulations, the
β4 is an order of magnitude larger than numerically
predicted. This deviation is primarily due to the fact that
the simulations do not capture the nanometer-scale
fabrication tolerances in the wire’s cross-sectional di-
mensions [17], which have a significant impact on
higher-order dispersion.

The visibility of a strong noise-seeded spontaneous
emission/MI background suggests that the on-chip mid-IR
parametric gain available here is far larger than that de-
monstrated in previous studies [4], where no such MI was
observed. As shown by the overlaid spectra in Fig. 3(a),
the parametric amplification is probed using a cw signal
with wavelengths varying from 2209 nm–2498 nm (8nm
step size), thus generating the corresponding idler terms
from 2129 nm–1914 nm. The cw signal power coupled
into the waveguide is kept low (<0:06mW) to prevent
pump depletion, yet high enough to achieve visibility
of the idler above the MI spectrum. The pedestal around
the cw signals in Fig. 3(a) is formed by the amplified
pulsed signal, and its height relative to the cw signal
on the spectra is roughly proportional to the on-chip gain
[4]. Figure 3(b) plots the measured on-chip amplification
and conversion gain, defined as the ratio between the
peak power of pulsed signal/idler at the end of the wave-
guide and the coupled input cw signal power (see [4] for
details). The mid-IR-pumped Si 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

Fig. 2. (Color online) (a) Input (dashed magenta) and output
(solid blue) pump spectrum, taken with an input peak power
P ∼ 13:5W and λ ¼ 2173 nm, illustrating ultrabroadband MI,
and Raman Stokes/anti-Stokes peaks. (b) MI spectra with
four different pump peak power levels at pump wavelength
λ ¼ 2173 nm.

Fig. 3. (Color online) (a) Series of FWM spectra with the
pulsed pump copropagating with a cw mid-IR signal at various
wavelengths. The pulsed pump is centered at λ ¼ 2173 nm, and
has P ∼ 13:5W. (b) Spectrum of on-chip parametric signal gain
(black squares) and idler conversion gain (red triangles). Fiber-
waveguide coupling loss measured with cutback method is
shown by the blue trace.
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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. 3(b) is reduced, be-
cause the cw probe’s linewidth is broadened by cross-
phase modulation [12], in combination with the limited
resolution of the 8 nm probe tuning step. After compen-
sating 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 [8] and even gain saturation at
high input signal power. This is seen in a plot of output
pulsed signal/idler peak power versus input cw signal
power shown in Fig. 4(a). Here the input pump peak
power is P ∼ 13:5W. The signal wavelength is positioned
near the FWM parametric gain maximum (λs ¼ 2356 nm),
but outside the Raman band. At low signal-power levels,
the power of the amplified signal and converted idler in-
crease linearly with signal power, resulting in a signal
and idler on-chip parametric gain of 39.5 and 42:3dB,
respectively. The output signal/idler power saturates at
∼20 dBm, for input signal powers > − 19 dBm. This gain
saturation can be useful for limiting all-optical regenera-
tion of signals [3].
Figure 4(b) plots the signal/idler on-chip parametric

gain versus input peak pump power while keeping the
signal wavelength at λs ¼ 2356 nm and its power at
−23:3dBm. After compensating for the 20 dB coupling
loss, off-chip optical transparency can be achieved for
a peak pump power about 8W, which can be further re-
duced by improving upon the cleaved-facet input coupling
mechanism used here. The differential gain is about
10:4 dB=W at low peak power ∼6:5W but decreases to
2:7dB=Wfor a peak power>10W. This decrease is in part
due to the residual nonlinear loss [4,18]. However, as
shown in Fig. 4(b), even at the highest peak power, the

on-chip parametric gain does not fully saturate, but rather
continues to grow with a reduced differential gain.

The results obtained here represent a substantial im-
provement over those reported previously for mid-IR
parametric amplification in a 4mm long silicon wire
waveguide [4]. The peak operating pump power is re-
duced 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 lever-
aging judicious dispersion engineering and reduced pro-
pagation loss in the silicon wires, to achieve dramatic
increase in parametric gain and its bandwidth, including
phase matching of the Raman scattering process.
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Fig. 4. (Color online) (a) Output pulsed signal/idler peak
power versus input cw signal power at λs ¼ 2356 nm, with input
pump peak power P ∼ 13:5W. (b) On-chip parametric gain as a
function of P. Off-chip optical transparency is achieved with a
peak power of ∼8W.
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