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ABSTRACT

A silicon core fiber (SCF) has been designed and fabricated with a dispersion engineered profile to support broadband optical parametric
amplification across the telecom window. The combination of low optical transmission losses and high coupling efficiency of the SCF platform
has allowed for an on-off optical parametric gain up to 9 dB, without experiencing gain saturation due to nonlinear absorption, resulting in
a net off-waveguide gain of ~2 dB. The ability to splice the SCFs with conventional silica fiber systems opens a route to compact and robust
all-fiber integrated optical parametric amplifiers and oscillators that could find use in telecoms systems.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5103272

I. INTRODUCTION

Over the past two decades, optical parametric amplification
(OPA) based on four-wave mixing (FWM) has been studied exten-
sively as a means to generate and amplify information signals over
a broad wavelength range for communications networks." Although
many of the initial investigations employed high-nonlinearity silica-
based fibers owing to their immediate compatibility with existing
fiber infrastructures,” over the past decade silicon nanophotonic
waveguides produced from the silicon-on-insulator (SOI) platform
have emerged as an interesting alternative.” Compared to the fibers,
these on-chip waveguides offer useful advantages in that, owing to
their significantly larger nonlinear coefficients, they are extremely
compact and offer much lower power thresholds. As a result, var-
ious FWM-based demonstrations have been reported in silicon
waveguides ranging from the transfer,’ © amplification,” and regen-
eration” of telecommunication signals to quantum signal process-
ing.” However, there are issues related to this platform that hinder
device performance, which are primarily associated with the larger
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transmission (both linear and nonlinear) and coupling losses, rel-
ative to the fibers. As a result, the on/off parametric gains in the
silicon nanophotonic waveguides have been limited to 5.2 dB in
the telecom band,” and larger gains (~23 dB) have only been real-
ized by pumping at wavelengths close to the two-photon absorption
(TPA) edge (A ~ 2.2 ym)."’ Although other semiconductor mate-
rials with lower nonlinear losses have been considered for on-chip
wavelength conversion or parametric amplification in the telecom
band, including hydrogenated amorphous silicon,'" silicon nitride,”
and I11-V materials such as AlGaAs,'” there are ongoing challenges
to integrating these materials with standard fiber components and
pump sources. Alternatively, glassy materials such chalcogenides'’
and high index doped glass'” can offer reduced losses, both in
terms of transmission and coupling, but they usually require longer
device lengths and higher pump powers due to their intrinsic lower
refractive indices and nonlinearities.

An emerging platform that combines the benefits of crystalline
silicon materials and the fiber geometry is that of the silicon core
fibers (SCFs). These SCFs can be produced using standard fiber

4,086102-1
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drawing tower procedures, allowing for the rapid production of
long lengths (hundreds of meters) of material, significantly reduc-
ing costs.'” Moreover, as the SCFs are produced with the core in
a polycrystalline form, the fabrication procedures are more flexible
than their epitaxially grown waveguide counterparts and, in par-
ticular, are well-suited to postprocessing treatments, which can be
applied to tailor the core dimensions and material quality."” By com-
bining fiber drawing with a subsequent tapering procedure, it has
been possible to produce SCFs with submicron cores that have lin-
ear losses as low as a few decibels per centimeter, which has allowed
for the first demonstration of nonlinear propagation in the crys-
talline SCF platform in the telecom band.'® The ability to control
the core size through tapering offers two additional benefits. First,
it provides a route to engineer the dispersion in the SCFs, which is
critical for achieving efficient FWM wavelength conversion. Second,
it can be used to tailor the mode properties to improve coupling with
conventional fiber components and lasers.”’

In this paper, we make use of a low-loss, dispersion engineered
SCF to demonstrate FWM-based parametric amplification with an
optical gain as high as 9 dB, using a subpicosecond pump source in
the telecom band. The SCF was tapered to have a submicron core
diameter (~915 nm) over a length of 5 mm, with a zero dispersion
wavelength (ZDW) of 1550 nm. Broadband wavelength conversion
of more than 260 nm has been demonstrated when pumping the
SCF close to the ZDW, just within the normal dispersion regime.
Owing to the high coupling efficiency of our tapered design and low
propagation losses, a net off-fiber gain of ~2 dB is achieved. Fur-
thermore, owing to the larger waveguide dimensions of the SCFs,
when compared to the nanophotonic waveguides, no significant sat-
uration of the parametric gain due to nonlinear absorption has been
observed up to peak pump powers of ~17 W. We anticipate that this
SCF platform will be of interest for a range of nonlinear wavelength
conversion applications across the telecommunications bands and
beyond, particularly where compact, all-fiber integrated devices are
desirable.

Il. FIBER DESIGN AND EXPERIMENTAL SETUP

Degenerate FWM involves two photons from the pump beam
(frequency wp) being converted to a signal photon (ws) and an idler
photon (w;) such that 2wp = ws + w;. The result is optical amplifica-
tion of the signal and the generation of a frequency converted idler
beam. As well as energy conservation, efficient FWM requires mini-
mal phase-mismatch between the pump, signal, and idler waves. For
nonlinear processes, the phase-matching condition can be satisfied
when

Ak = 2yPpump — Ak = 0, 1)

where Ak is the total phase-mismatch, Ak; is the linear phase-
mismatch, and 2yPpump is the nonlinear phase shift, including the
effects of self- and cross-phase modulation. In the nonlinear term,
Poump is the pump peak power and y = 2mwn3/Ap A is the effective
nonlinearity parameter, where #, is the nonlinear refractive index,
Ap is the pump wavelength, and A is the effective mode area. In
general, efficient phase-matching occurs close to the ZDW, in which
case the linear term can be approximated by’

1
Akp = —BrA0” - E[)’4Aw4, )
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where f, is the group velocity dispersion (GVD) term, f4 is the
fourth order dispersion (FOD), and Aw is the frequency shift
between the signal and the pump waves. Depending on the magni-
tudes and signs of 8, and f34, a variety of phase-matching conditions
can be obtained, which result in different conversion bandwidths.”
When FOD plays a role, the width of the phase-matching region is
obtained from Eq. (2) as™

/12|Bs|
= s 3
Aw Bl (3)

where 3, and 4 must be opposite in sign in the normal dispersion
regime.

Similar to the nanophotonic silicon waveguides, the GVD of
the SCFs can be controlled by reducing the core diameter so that the
waveguide dispersion can compensate for the large normal mate-
rial dispersion. Figure 1 plots the simulated GVD and FOD pro-
files in the SCFs, with three different core diameters as labeled (see
supplementary material, III). The variation in the core size results
in a significant shift of the ZDW. For a fixed pump wavelength,
which in our case is 1541 nm, the core diameter must be carefully
chosen to access the desired dispersion regime and be close to the
ZDW. From the dispersion profiles in Fig. 1, we target a SCF with a
core diameter of 915 nm, which exhibits a very small positive GVD
(B2 ~ 0.038 ps*> m™") and a negative FOD (B4 ~ —0.8 x 107> ps*
m™!) at the pump wavelength. As evident from Eq. (3), this dis-
persion combination permits broadband phase-matching from the
pump with a conversion bandwidth of ~380 nm, spanning almost
the entire telecom window.'>****

The SCFs used in this work were fabricated using the molten
core drawing (MCD) method, followed by tapering to reduce the
core size, as detailed in Refs. 16, 18, and 25 (see supplementary
material, I). Significantly, postprocessing the fibers via tapering is
advantageous as it helps improve the material quality of the core,

oof ~ 830 nm
915 nm
— 1000 nm

0.6

b5 (ps®m™)

-0.9
1400

-3

1520 1580 1640 1700
Wavelength (nm)

1460

FIG. 1. Calculated GVD and FOD dispersion as a function of wavelength for the
SCF with different core diameters shown in the legend. The vertical dash line indi-
cates the pump wavelength. Inset: simulated mode profile of the 915 nm core SCF
at the pump wavelength.
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FIG. 2. (a) Schematic of the experimental setup. PC: polarization controller. OC: optical coupler. OL: objective lens. OSA: optical spectrum analyzer. PM: power meter. Inset:
symmetric tapered SCF profile. (b) Measured transmission as a function of input peak pump power. The red curve is the simulated transmission including nonlinear loss from

TPA. The dashed line (black) indicates the linear insertion loss.

which is polycrystalline in nature, by increasing the grain size.'” The
resulting fiber had input and output core diameters of 4 ym, which
were tapered down to a waist of 915 nm over a length of ~5 mm in
the center region, as illustrated in the inset of Fig. 2(a). The total fiber
length was 8 mm including the input and output coupling tapers.
The propagation loss of the SCF at the 1541 nm pump wavelength
was estimated to be ~2.8 dB/cm, by subtracting the input ~4 dB and
output ~3 dB coupling efficiencies from the total 9.2 dB transmis-
sion loss. This propagation loss represents the lowest value reported
for a submicron SCF'® and, indeed, any planar polysilicon waveg-
uide of similar dimensions in the telecom band.”” Moreover, as the
crystallinity of the core material has been shown to improve with
decreasing diameter,'* we expect that this loss value represents an
upper bound on the loss in the tapered waist, where the nonlinear
processing occurs. It is also worth noting that for this SCF design,
the light propagating in the fundamental mode is well confined to
the core for all diameters, as illustrated in the inset of Fig. 1. Thus,
we expect the largest contribution to the losses to be defects and/or
impurities in our polysilicon material, as opposed to surface rough-
ness that tends to dominate in planar waveguides,"i and work is
ongoing to improve the material quality.

The experimental setup for OPA within our SCF is depicted
in Fig. 2(a). The pump source was a mode-locked erbium doped
fiber laser emitting pulses centered at 1541 nm with a 670 fs full-
width at half-maximum (FWHM) duration, corresponding to a
3 dB spectral bandwidth of ~7 nm (transform limited), and a rep-
etition rate of 40 MHz. This short pulse pump laser was chosen
because the high peak powers are desirable for efficient paramet-
ric amplification, while the subpicosecond durations help reduce the
number of TPA-induced free carriers that are generated.” Further-
more, as the free carrier lifetime for submicron silicon waveguides
is typically ~1 ns, the modest repetition rate allows the material
to recover between pulses, further reducing losses associated with
free carrier effects.” A tunable CW laser was used as the signal
beam, with a tuning range covering 1570-1680 nm. It is worth not-
ing that low power transmission measurements conducted with this
source have shown that the linear losses are fairly constant over
the entire signal wavelength range, averaging ~3 dB/cm (see supple-
mentary material, IT). Two polarization controllers (PCs) were used

APL Photon. 4, 086102 (2019); doi: 10.1063/1.5103272
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to align the linearly polarized pump and signal beams to optimize
the conversion efficiency. The pump and signal were combined by
a 3 dB optical coupler before free space coupling into the SCF. The
input coupling was achieved with a microscope objective lens (OL1)
with a NA of 0.65, which was chosen to optimize coupling into
the fundamental mode.”’ No additional polarizer was needed at the
input stage as the cylindrically symmetric SCF is polarization insen-
sitive, which was confirmed by monitoring the output signal power
when changing the polarization of the combined input pump and
signal beams. The output light was collected by a second microscope
objective lens (OL2) with a NA of 0.85 and directed either to a power
meter or focused into an optical spectrum analyzer (OSA YOKO-
GAWA AQ6370D). All the spectra were measured with a 1 nm res-
olution bandwidth of the OSA. It is worth noting that, owing to the
high nonlinearity and improved coupling efficiency of the tapered
SCF platform, we do not require any additional amplification stages
for our pump and signal beams, simplifying the setup and helping
reduce noise levels.

lll. RESULTS

Using the experimental setup, the nonlinear transmission prop-
erties of the SCF were first measured at the pump wavelength. Details
of the full set of nonlinear parameters for the tapered SCF can be
found in supplementary material, III. Figure 2(b) plots the results
of the nonlinear absorption measurements, showing the saturation
of the output power as a function of coupled input power. In order
to minimize the effects of nonlinear absorption and spectral broad-
ening of the pump, a moderate coupled average power of ~0.63 mW
(~17 W peak power) was chosen, just below the saturation threshold.
As evident from the transmission plot in Fig. 2(b), the total nonlin-
ear loss introduced in the SCF for this pump power was only ~1.5 dB.
We attribute the relatively low nonlinear loss measured in our SCF
at these coupled power levels to its large mode area, which is more
than twice as large as the areas of the nanophotonic waveguides used
for FWM in Ref. 7.

Wavelength conversion via OPA was then investigated by
simultaneously injecting the pump pulses with low power CW sig-
nals (>1 mW) at different wavelengths. Figure 3(a) shows the optical
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FIG. 3. (a) Transmission spectra taken at the output of the SCF as the signal
wavelength is tuned from 1570 to 1680 nm. Idler conversion gain (b) and on/off
parametric signal gain (c) as a function of wavelength. The error bars in the para-
metric gain data are derived from the uncertainty in the total propagation loss and
the OSA noise.

spectra generated by the degenerate FWM process, with signal wave-
lengths from 1570 to 1680 nm overlaid. Owing to the use of a pulsed
pump, the amplified signals and generated idlers also occur as a
train of short pulses, which is evident from their broad bandwidths.
These results clearly show that the signal can be down-converted by
~260 nm (32 THz), from 1680 nm to 1420 nm, covering the entire
S-, C-, and L- telecom bands. It is important to note that this exper-
imental conversion bandwidth was only limited by the tuning range
of our CW source, and it should be possible to extend this over the
full ~380 nm, as predicted by Eq. (3). Nevertheless, this conversion
bandwidth is larger than previous reports of OPA in silicon waveg-
uides using a telecom pulse pump source, thanks to the low GVD,
and the bandwidth could be further improved by carefully tailoring
the core diameter to reduce the FOD at the pump wavelength.”
Following the same methods in Refs. 10 and 12, the peak power
of the generated idler and signal beams are extracted by convert-
ing the time-averaged power measured by the OSA, weighted by the
duty cycle factor F = 1/(40 MHz - 670 fs) of our pump laser (see

APL Photon. 4, 086102 (2019); doi: 10.1063/1.5103272
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supplementary material, III). The fiber output coupling efficiency,
as calculated for the signal (3 dB) and idler (~7.7 dB) wavelengths,
is used to obtain the actual converted powers out of the SCF. The
on/off parametric signal gain can then be calculated via the ratio
Piignatpeak/ Psignal,outs Where Pgignalout is the CW signal power at the
output of the SCF with the pump off. The on/off parametric idler
conversion gain is calculated via the ratio Pigier peak/Psignalout- The
extracted values of the parametric signal gain and idler conversion
gain are plotted in Figs. 3(b) and 3(c), respectively. The experi-
mental data reveal that a large maximum on/off signal gain of ~9
dB is achieved at a wavelength of 1570 nm, with a corresponding
idler conversion gain of ~8.5 dB. Such a large on/off parametric sig-
nal gain in our tapered SCF is sufficient to overcome the moderate
fiber insertion losses (7 dB), demonstrating a 2 dB net off-waveguide
gain. The maximum signal gain obtained in our 8 mm long SCF
exhibits more than a 3 dB improvement over the current highest
record in a 17 mm nanophotonic silicon waveguide in the telecom
band, which was obtained with a picosecond pulsed pump.” We
attribute this increased gain to the lower overall losses in our sys-
tem, which is due in part to the larger core size of the fiber and also
the reduced free carrier absorption associated with our shorter pump
pulses (see supplementary material, IIT). For both the signal and idler
beams, the gains decrease as the signal wavelength moves away from
the pump, which follows the theoretical predictions for waveguides
pumped in the normal dispersion region.”””" Although the maxi-
mum measured idler conversion gain is also higher than previous
reports, it is slightly lower than the signal gain, which we attribute
to the larger linear losses at the shorter wavelengths for polysilicon
fibers.”

Additional experiments were carried out to investigate the gain
dynamics with the signal wavelength set at A = 1590 nm so that
both the signal and idler beams were far away from the pump band-
width. In the regime of negligible nonlinear losses, the parametric
gain should remain constant when the signal power is varied. This
can be seen from the linearly increasing trend of the idler and sig-
nal output powers as the coupled signal power is raised from -3 to
1.3 dBm, as shown by the black lines in Figs. 4(a) and 4(b), respec-
tively. The slope efficiency, plotted as the red curves in Figs. 4(a)
and 4(b), represent the idler and signal gains as a function of power,
which yield values of ~4.8 dB and ~6.5 dB, with a fluctuation of
less than 1 dB. These measurements reveal that there is no sig-
nificant gain saturation in our SCF for peak pump powers up to
~17 W, which are easily attainable using conventional cost-effective
fiber lasers, and the powers could be reduced further by increasing
the SCF length.

As a final comment, in order to understand the relationship
between the on/off parametric signal gain and the dispersion proper-
ties of our SCF, the measured gain is replotted as a function of signal
wavelength in Fig. 4(c) (red squares). This gain distribution can be
compared with the theoretical predictions for the signal gain as'

Pignal P 2
Gsignal = —slena ot =1+ I:m Sinh(gLeff) > (4)
P signal, in g

where L is the effective fiber length, taking into account the linear
propagation loss, and the parametric gain coefficient g is given by

g= \/VPpumpAkL - (Akp/2)2.
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FIG. 4. (a) Measured amplified idler power (black) and conversion gain (red) as a function of signal power (1590 nm) at the SCF output. (b) Measured signal power (black)
and gain (red) as a function of signal power (1590 nm) at the SCF output. (c) Calculated (blue solid line) and measured (red squares) on/off signal gain as a function of signal

wavelength, using a pump with ~17 W peak power centered at 1541 nm.

The signal gain was calculated by substituting the values y =
40.77 Wl m™, Ppump = 17 W, and Les = 4.4 mm, and the disper-
sion parameters (3, and f34) into Eq. (4). However, instead of fixing
the values of 8, and f4 to those obtained from Fig. 1, here we leave
them as free parameters to achieve the best fit to the experimental
data. The blue curve plotted in Fig. 4(c) was obtained with the values
B2 ~0.042 ps> m™! and B4 ~ —0.3 x 107° ps* m™!, corresponding to
a coefficient of determination R? ~ 0.8,”> which agree well with the
calculated dispersion parameters, assuming the target core diameter
of 915 nm. We attribute the discrepancy between the fitted curve and
the measured gain at the wavelengths close to the central frequency
of the pump to difficulties in calculating the peak signal power when
the signal and pump bandwidths overlap, resulting in an underesti-
mation of the gain in this region. Nevertheless, such close agreement
is quite remarkable when we consider how sensitive these values
are to the precise core size in such a high-index contrast waveguide
and that we are approximating the dispersion of our polysilicon core
material with that of single crystal silicon. Thus, these results are fur-
ther evidence of the high quality of the SCF core materials and our
ability to precisely control the dimensions of the tapered profiles.

IV. CONCLUSION

In this work, we report optical parametric amplification in the
telecom band using a low-loss SCF that has been tapered down to
have a submicron core diameter. Owing to the high coupling effi-
ciency and negligible nonlinear absorption in the SCF, a signal gain
as high as 9 dB was achieved with a moderate pump peak power of
17 W. To the best of our knowledge, this is the highest parametric
gain reported in a crystalline silicon waveguide using subpicosec-
ond pump pulses at a telecommunications wavelength, resulting in
the first demonstration of net off-waveguide gain in this regime. The
experimentally measured conversion bandwidth of ~260 nm covers
the entire S-, C-, and L- telecom bands, and this could be extended
further with careful design of our tapered structure. We expect that
continued efforts to reduce the transmission losses and exploit the
low-loss splicing methods of the SCFs with conventional silica fibers
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will significantly improve the practicality of this platform, open-
ing a route for the development of compact and efficient all-fiber
nonlinear signal processing systems.

SUPPLEMENTARY MATERIAL

See supplementary material for the fabrication and postpro-
cessing of SCFs, transmission characterizations, simulation parame-
ters, and parametric gain analysis.
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