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ABSTRACT

Stimulated Raman amplification is observed for the first time in the silicon core fiber (SCF) platform. The SCFs were tapered to obtain
sub-micrometer core dimensions and low optical transmission losses, facilitating efficient spontaneous scattering and stimulated Raman
amplification using a continuous-wave pump source with milliwatt power levels. A maximum on-off gain of 1.1dB was recorded at a pump
power of only 48 mW with our numerical simulations, indicating that gains up to 6 dB are achievable by increasing the fiber length. This work
shows that the SCF platform could open a route to producing compact and robust all-fiber integrated Raman amplifiers and lasers across a

broad wavelength region.

© 2021 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/10.1063/5.0060108

. INTRODUCTION

Raman scattering offers a convenient route to developing
amplifiers and light sources from waveguide materials that do not
possess a direct bandgap. Although much of the early research
on Raman systems made use of long lengths of silica fiber,! more
recently, the focus has shifted to silicon waveguides due to their high
Raman gain coefficient and the potential to exploit such systems
in compact architectures.” > However, to date, the achievable gain
in silicon systems within the telecom band has been hindered by
the relatively high linear and nonlinear transmission losses. To
reduce the linear losses, waveguides with large, micrometer-sized
dimensions have been employed, but these have required the use of
impractically high coupled pump powers [~1 W continuous-wave
(CW)] to achieve Raman gains up to 2.3 dB due to the reduced light
confinement.” Alternately, when using smaller, sub-micrometer
waveguide dimensions, both the linear and nonlinear losses play a
significant role, and thus, pulsed pump sources have been required
to reduce the build-up of free carriers to obtain similar levels of
gain.
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In recent years, an alternative silicon core fiber (SCF) plat-
form has emerged, which combines several benefits of the fiber
geometry with the highly nonlinear silicon core materials, making
it well suited for the development of efficient Raman systems.” The
SCFs are typically fabricated via the molten core drawing (MCD)
method, which allows for the rapid production of long lengths of
fiber, increasing the device yield and lowering production costs.”'"
Tapering procedures are subsequently employed to obtain sub-
micrometer core dimensions that are desired for efficient nonlin-
ear processes.'! With advancements to the fabrication techniques,
the small core SCFs can be produced to exhibit low losses over
centimeter lengths, opening a route to obtaining effective levels of
Raman gain using modest CW pump powers. Significantly, com-
pared to their planar counterparts, the SCFs offer several advantages
for practical systems as they are robust and polarization indepen-
dent, and they can be spliced directly to fiber pump lasers and
networks.' >

In this paper, we present the first investigations of sponta-
neous and stimulated Raman scattering within the tapered SCFs.
The Raman gain coefficient is found to be in good agreement with
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values reported for planar silicon waveguides (~30 cm/GW), pro-
viding evidence for the high crystalline quality of the processed fiber
core. The combination of low transmission loss (~1 dB/cm) and cen-
timeter long waveguide lengths has allowed for a peak gain of 1.1 dB
to be achieved with a CW power of only 48 mW. Numerical sim-
ulations of the nonlinear propagation suggest that Raman gains up
to 6 dB are achievable by increasing the SCF length while still keep-
ing the power levels to ~100 mW. We anticipate that with continued
efforts to reduce the transmission losses over longer lengths, these
SCFs could open new possibilities for all-fiber Raman-based laser
sources and amplifiers.

Il. FIBER FABRICATION AND NONLINEAR
PROPAGATION EQUATION

The SCFs used in this work were fabricated using the MCD
method, which is based on conventional fiber drawing techniques
whereby the low melting temperature semiconductor core is encap-
sulated in the softened silica cladding.” The as-drawn SCFs have a
polycrystalline core material with a uniform core/cladding diameter
of 12 ym/125 ym. Owing to the differences in the thermal proper-
ties of the crystalline core and glass cladding, obtaining SCFs with
small core sizes straight from the drawing tower can be challeng-
ing. Thus, to enhance the nonlinear performance, the as-drawn SCFs
were subsequently tapered using a two-step process to obtain fibers
with sub-micrometer core diameters.”* Compared to a single step
taper process, the tapering temperature (heated by a filament) used
in the two-step process is much lower, which allows for the pro-
duction of continuous silicon cores with large crystalline grains and
reduced residual stress over the entire taper waist region.'” As the
SCFs retain a silica cladding, a conventional glass processor worksta-
tion (Vytran GPX-3300) could be used for all the tapering processes.
The tapered SCFs were then inserted into thicker supporting cap-
illaries before the end facets were polished for optical coupling. In
addition to the waist region (Lwaist), the up- and down-taper tran-
sition regions are also retained at each end of the SCF to increase
the input and output core sizes (~4.6 ym in diameter) and improve
the optical coupling [shown as an inset in Fig. 1(a)]. Two tapered
submicrometer SCFs are used in this paper, with their geometrical
parameters and total insertion loss summarized in Table S1 (Sec. Iin

the supplementary material). The input and output tapered regions
are normally only a few millimeters long and contribute little to the
nonlinear propagation so that one only needs to consider the tapered
waist section of the SCF when modeling the nonlinear propagation.

Nonlinear propagation in the tapered SCF waist is governed by
the generalized nonlinear Schrédinger equation (NLSE)'® given as
follows:

U oo

(y+ly1 )(A(z,t)f R(t)|A(z,t—t)|dt) W)

i [)’n 8”A(z, t)

where A(z,t) is the pulse envelope, 8, is the nth order of disper-
sion, y is the nonlinearity parameter, y, = dy/dw ~ y/wo, « is the
linear loss, o is the free carrier parameter, and a; = da/dw. When
expressed in this form, the nonlinear refractive index (1) and two-
photon absorption (TPA) coefficient (;p,) contribute to the real
and imaginary parts of the nonlinear parameter via y = kona /A
+ifppa/2Acfr, Where A is the effective mode area of the tapered
waist, and the TPA-induced free carriers give rise to additional loss
(0f) and dispersion (u) contributions via 0 = (1 + iu) N, where
N, is the carrier density. To include Raman effects, both the elec-
tronic and vibrational contributions should be included in the non-
linear response function R(t). Assuming that the electronic contri-
bution is nearly instantaneous, the functional form of R(t) can be

written as
R(#) = (1= fr)8(¢) + frhr (1), )
where fr represents the fractional contribution of the delayed

Raman response. In silicon, fz is usually assumed to be 0.043 and
hr(t) can be written in the following form:'”

he(t) = (

where the phonon lifetime 7; = 10.256 x 10™> ps and the damp-
ing time 7, = 3.032 x 10~ ps. The remaining parameters are largely
fiber specific as they depend on contributions from the core/cladding
materials and the waveguide geometry (i.e., core size), and the values
estimated for the fibers used in the experiments are given in Table S2
(Sec. Il in the supplementary material).'1-1#

o+ T;Z)Tl exp(—t/12) sin(t/11), (3)
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FIG. 1. (a) Schematic of the experimental setup to measure the Raman response of the tapered SCFs. ISO: isolator, PC: polarization controller, WDM: wavelength division
multiplexer, OC: optical coupler, TLF: tapered lensed fiber, and OSA: optical spectrum analyzer. The inset shows the geometry for the tapered SCF. (b) Schematic of Raman

scattering and energy conservation equations.
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I1l. RESULTS AND DISCUSSION
A. Experimental setup

The experimental setup to characterize the Raman response of
the SCFs is shown in Fig. 1(a), together with a schematic of the
Raman process and energy conservation equations in Fig. 1(b). For
the spontaneous Raman experiments, two CW laser diodes oper-
ating at different wavelengths (1431 and 1500 nm) were used as
pump sources, with an output power of ~110 mW at these two spe-
cific wavelengths. An external isolator was placed after the pump to
avoid light reflection into the diode. The pump light was coupled
into and out of the SCFs using conventional tapered lensed fibers
(TLFs) with a focal diameter of 2.5 ym and a working distance of
14 ym. The TLFs were chosen for the coupling as they have a flat fre-
quency response over the wavelength range covering both the Stokes
and anti-Stokes wavelengths. Using the TLF at the input, the pump
light could be primarily launched into the fundamental mode of the
tapered SCF, which was verified by imaging the output mode profile
using a free space lens and CCD, as described in Ref. 16. The opti-
cal power was measured using a power meter (Thorlabs S148C), and
the output spectra were recorded using an optical spectrum analyzer
(OSA—YOKOGAWA AQ6370D) with a resolution of 0.02 nm. To
investigate stimulated Raman amplification, a signal laser (TUNICS
T100S) was injected into the SCF together with the pump using a
wavelength division multiplexer (WDM). A polarization controller
(PC) was also used to align the linearly polarized pump and signal
beams to optimize the stimulated Raman gain.

B. Spontaneous Raman emission

The SCF used in initial experiments was fabricated to have a
tapered waist of 900 nm over a length of Lyt = 1 cm, with a total
fiber length of ~ 1.4 cm, including the coupling regions. The lin-
ear loss at 1550 nm was estimated to be 2.4 dB/cm by subtracting
the coupling losses (7dB) from the total insertion loss (10.2dB).
We note that lower coupling losses could be achieved by fabricating
nanospike structures onto the ends of the SCF, which not only helps
to better match the mode size with those of the input glass fibers
but also reduces reflections.'” However, fabricating nanospike cou-
plers onto submicrometer core SCFs is challenging due to the small
outer dimensions of the tapered fibers, and work in this area is still
on-going.

Using the experimental setup, the Stokes spectra were recorded
at several values of coupled power for the two different pump wave-
lengths, as shown in Fig. 2. Forward emitted Stokes signals at (a)
1546.3 nm and (b) 1626.3 nm are generated, which correspond to
the Raman shift of 15.6 THz for crystalline silicon in both instances.
From Fig. 2, one notes that spontaneous Raman scattering can be
clearly observed with a pump power as low as 3 mW and that
the Stokes signal power increases with the coupled pump power.
The bandwidths of the Stokes signals (263.7 GHz for the 1431 nm
pump and 221.2 GHz for the 1500 nm pump) are slightly larger
than the theoretical bandwidth of 105 GHz for silicon, which can
be attributed to the finite bandwidth of the pump sources.'® To
verify this, the experimental spectra are compared with simulation
results that are obtained by convolving the spectra calculated using
Egs. (1)-(3) with the pump laser spectra that are approximated by
Gaussian profiles with the linewidths of 146.5 and 102.1 GHz for the

APL Photon. 6, 096105 (2021); doi: 10.1063/5.0060108
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FIG. 2. Spontaneous Raman emission spectra at various pump powers for the
pump wavelengths of (a) 1431 nm and (b) 1500 nm.

1431 and 1500 nm pumps, respectively. The agreement between the
experiments (solid lines) and simulations (dashed lines) is very good,
both in terms of the powers and bandwidths. Moreover, it is worth
noting that the maximum recorded Stokes powers were only limited
by the available pump laser diode as nonlinear absorption was found
to be negligible at these low power levels.

To estimate the Raman gain coefficient of our SCFs, the rela-
tionship between the integrated Stokes power and pump power is
considered,"”

Ps = kLeftPp. (4)

Here, « is the spontaneous Raman coefficient in units of cm™ and
Leg is the effective length (accounting for the linear losses) of the
tapered SCF. Figure 3 plots the integrated Stokes power as a func-
tion of coupled power for the two different pump wavelengths. As
expected, the spontaneous emission power depends linearly on the
pump power, and the slope efficiencies (kL) are almost the same
for the two pump wavelengths. The spontaneous Raman efficiency
S in the SCFs can then be calculated as S = x/AQ, where AQ is the
effective solid angle of collection for the fundamental mode, which
is estimated to be 0.25 Sr™" for a SCF with an output core diameter of
4.6 ym. Hence, the values of S for the pump wavelengths of 1431 and
1500 nm are 3.03 x 1077 and 3 x 1077 cm™'Sr™", respectively. The
spontaneous Raman coefficients obtained for these SCFs are simi-
lar to previously reported values obtained for nanophotonic silicon

6, 096105-3
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FIG. 3. Spontaneous Raman output power as a function of coupled pump power
for the two pump wavelengths of 1431 nm (red) and 1500 nm (blue).

waveguides'” and are at least two orders of magnitude larger than
those of standard silica optical fibers." The Raman gain coefficient
g, is defined using S as”’

_ 87rc2w}7 S
T hwdn? (o) (N +1)AQT

gs (5)

Here, wp and ws are the angular frequencies of the pump and Stokes,
respectively; # is the refractive index; N is the Bose occupation fac-
tor (0.1 at room temperature); & is Planck’s constant; and AQ is the
FWHM bandwidth of the Raman response in silicon. Thus, the val-
ues of g¢ obtained for the pump wavelengths of 1431 and 1500 nm
are 29 and 34 cm/GW, respectively. The consistency of these values
is what we would expect for two pumps that are positioned within
the telecom band and helps to verify the accuracy of the measure-
ments. Moreover, these g¢ values are also consistent with previously
reported values obtained for single crystal waveguides, which fall
within the range of 20-76 cm/GW.”>'®?! Thus, these results pro-
vide further evidence for the high crystalline material quality of the
tapered SCFs.'

In addition to the Stokes wave measurements, the anti-Stokes
signal was also observed when pumping with coupled powers
> 3 mW. Figure 4 shows the Stokes and anti-Stokes spectra obtained
with the 1431 nm pump diode for a coupled power of ~ 50 mW,
where the anti-Stokes wave is blue shifted from the pump by
15.6 THz. The anti-Stokes spectrum exhibits an asymmetric profile,
which we attribute to a combination of the asymmetric linewidth
of the pump laser diode and its low power relative to the noise
floor. Quantum statistics states that the power ratio between the
anti-Stokes (Pas) and Stokes (Ps) waves is defined as’”

% — e_hvphnmm/kBT, (6)
Ps

where Uyon0n is the phonon frequency, T is the experimental temper-
ature in units of K, and kg is the Boltzmann constant. The calculated
power ratio of 0.08 is in very good agreement with the experimental
value of 0.09, which is extracted from the integrated power spec-
tra shown in Fig. 4. With careful design of the fiber dispersion, the
generation of the anti-Stokes wave can be dramatically enhanced by
coherent anti-Stokes Raman scattering, which has been observed for
planar silicon waveguides.”’
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FIG. 4. Comparison of Stokes (bottom wavelength axis) and anti-Stokes (top axis)
Raman emission for a pump wavelength of 1431 nm and a coupled power of
~50 mW.

C. Stimulated Raman amplification

Having demonstrated spontaneous Raman emission from the
SCF platform, the next step was to investigate its use for Raman
amplification. However, as the maximum achievable gain depends
on the intensity of the coupled pump and the effective propagation
length, for these measurements, a second tapered SCF was fabri-
cated to have a smaller core waist diameter of 750 nm and a length
of Lyaist = 1.5 cm. The total length for this SCF was ~1.9 cm, and
the linear loss at 1550 nm was estimated to be 1dB/cm based on
a total insertion loss of 8.9 dB. The experimental setup for stimu-
lated Raman amplification is the same as that shown in Fig. 1(a), but
this time the tunable signal laser (TUNICS T100S) was injected into
the SCF together with the pump using a WDM. A second WDM
positioned at the output stage was used to filter out the noise caused
by the pump diode. The signal wavelength was scanned from 1542
to 1550 nm, with the input power fixed to 0.1 mW, and the Stokes
power was recorded with the pump on and off. Figure 5 shows the
on-off gain curve for a pump power of 48 mW, together with sim-
ulation results that are obtained using data from Egs. (1)-(3) con-
volved with the pump spectrum. A peak gain of 1.1dB was obtained
for a Stokes wavelength of 1546.3 nm, in excellent agreement with
the simulations and with the position matched to the spontaneous
peak. Additionally, the FWHM linewidth of the gain spectrum is
consistent with the simulations and the measured value for sponta-
neous emission in Fig. 2(a) at a similar pump power. The measured
peak Raman gain is slightly larger than what has been reported for
sub-micrometer-sized planar silicon waveguides using similar mil-
liwatt level CW pump sources,””! which is attributed to the combi-
nation of low fiber transmission loss and longer waveguide length.
Moreover, as the measured peak gain was limited by the maximum
power of the pump laser diode, there is scope to increase the gain
further.

To further probe the Raman performance of the SCFs, addi-
tional simulations were conducted to investigate the role of the
pump power and fiber length. Figure 6 shows a color map of the
on-off gain as functions of the coupled pump power and SCF
tapered waist length, assuming that all other parameters (core size,
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stimulated Raman gain.

transmission loss, etc.) remain the same as the fiber described above.
The gain estimated for the existing setup matches well with the sim-
ulations, as similarly displayed in Fig. 5. These results also show that
if the pump power is increased to ~ 120 mW, the maximum gain
would increase slightly to 1.6 dB, but that, beyond this, the TPA-
induced free carriers become the dominant limitation. Alternatively,
if the fiber length could be increased to ~ 10 cm, the gain could reach
as high as 6 dB. We note that although this value would be the high-
est Raman gain obtained for a silicon waveguide system, it would still
be considerably less than what has been achieved in highly nonlin-
ear glass fibers.”! Nevertheless, owing to the high Raman coefficient
of the silicon core, SCFs can operate with much lower pump pow-
ers (hundreds of mW vs several kW) and shorter lengths (tens of
cm vs several km), which is desirable for many practical systems.
Currently, the main limitation to fabricating SCFs with such long
lengths is the choice of tapering rig, which restricts waist lengths to
a few centimeters. However, it has recently been shown that SCFs
can be fabricated directly from the drawing tower with losses as low
as 0.2dB/cm over a length of ~ 1 m, albeit for core dimensions of a
few micrometers.”” Assuming that the cores could be reduced to a
micrometer, or less, via this approach, these SCFs could be ideal effi-
cient in-fiber Raman amplifiers or lasers operating at modest powers
and device lengths.

APL Photon. 6, 096105 (2021); doi: 10.1063/5.0060108
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IV. CONCLUSION

In conclusion, this work has reported the measurements of
spontaneous and stimulated Raman scattering generated within
SCFs that have been tapered to achieve low propagation losses in
submicrometer cores. The Raman gain coefficient of the fibers has
been estimated to be g ~ 30 cm/GW, which is in good agreement
with previous measurements in silicon waveguides, further verify-
ing the high crystalline quality of our core material. The peak on-off
gain of 1.1dB is competitive with previous results obtained for pla-
nar silicon waveguides with similar dimensions using milliwatt level
CW pumping schemes, which is attributed to the low losses and
longer fiber lengths. Simulations of the nonlinear propagation sug-
gest that increasing the SCF lengths while retaining small core sizes
and low transmission losses is the best way to achieve high Raman
gains for the development of all-fiber integrated Raman amplifiers
or lasers.

SUPPLEMENTARY MATERIAL

See the supplementary material for the geometrical parameters,
insertion losses, and simulation parameters for tapered SCFs.
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