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Abstract: We report first observation of net-gain from an optical
parametric amplifier in a planar waveguide. This was achieved in a low-
loss As,S; planar waveguide, with a strong nonlinearity (y ~ 10 /W/m) and
tailored anomalous dispersion yielding efficient Raman-assisted four-wave
mixing at telecom wavelengths. The experiments were in good agreement
with theory, and indicate a peak net-gain greater than +16 dB for the signal
and idler (+30 dB neglecting coupling losses) and a broad bandwidth
spanning 180 nm.
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1. Introduction

The wavelength range available to current telecommunication networks is limited primarily
by the gain spectrum of erbium-doped fiber amplifiers (EDFA). Because of this, only a
fraction of the possible bandwidth available to fiber optic networks is useable; and this
frequency range is inflexible, set by the properties of the erbium atom. Optical parametric
amplifiers (OPAs) using nonlinear processes such as four-wave mixing (FWM) do not have
such limitations, they can amplify over broader bandwidths and the amplified frequency range
can be altered by adjusting the pump frequency [1, 2]. OPAs have the potential to increase
the efficiency of current fiber optic networks by expanding it into new wavelengths. As well
as amplification [3], FWM can be used for wavelength conversion [4, 5], optical regeneration
[6-8] and the reversal of signal impairments through optical phase conjugation [9, 10].

Planar waveguides made from nonlinear materials such as silicon make it possible to
integrate FWM-based amplifiers and wavelength converters onto optical chips [11, 12].
Although silicon has a high nonlinear refractive index, it also has high nonlinear losses due to
two-photon absorption and free-carrier creation, which limit the maximum gain possible. The
maximum parametric gain reported in silicon waveguides thus far is +1.8 dB, if coupling
losses are not included (more than -12 dB per facet) [11]. Chalcogenide glasses, on the other
hand, have a comparable nonlinear index, but much lower two-photon absorption and no free
carriers [13]. Because of the strong confinement offered by a high refractive index, both
materials can exploit waveguide dispersion to compensate for their normal material
dispersions, and achieve anomalous dispersion at telecom wavelengths [14-17], allowing the
phase-matching necessary for efficient FWM. With a transparency window from near-
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infrared out to the mid-infrared, chalcogenide glasses can enable amplification over wide
wavelength range.

Previously, we have used dispersion engineered As,S; chalcogenide waveguides to
demonstrate the benefits of chalcogenide’s low nonlinear loss, in comparison to silicon
waveguides, in the context of supercontinuum generation [18, 19]. Here we report the first
observation of net-gain in an OPA on an optical chip using a similar As,S; waveguide.
Furthermore, the FWM gain peak occurs within the Raman gain spectrum, further enhancing
the signal amplification. We achieved a broad gain bandwidth of over 180 nm and a peak
gain more than +30 dB, including propagation losses. This can be compared to the best result
in silicon waveguides, which has a bandwidth spanning 80 nm with a peak gain of +1.8 dB. If
all coupling losses are considered, the device still has a large net gain of +18 dB. These
results are in good agreement with presented theory and highlight chalcogenide as a platform
for all-optical ultrahigh speed processing in a monolithic platform.

2. Background

As a parametric process, FWM is governed by a phase-matching condition. Specifically,
degenerate four-wave mixing (D-FWM) uses a single pump such that, in the correct
dispersive conditions, energy from the high-power pump wave (at an angular frequency w,) is
transferred at an exponential rate to a low-power signal wave (at w,) and into the creation of
an idler wave (at w;=2w,—w,), as illustrated in Fig. 1. The phase-matching condition
depends on a dispersive-phase mismatch term, AS = 12(8, + f; — 2f,), where S, is the mode-
propagation constant at w,. The dispersive-phase mismatch must lie between —2yP, < Af <0
for exponential gain in the signal and idler [2, 20], where y is the nonlinear parameter of the
waveguide and P, is the peak power of the pump. Thus for gain near wp, the pump must
experience anomalous dispersion.

Because As,S; has a normal material dispersion, anomalous waveguide dispersion is
introduced by reducing the transverse dimensions of the waveguide to “squeeze” the mode;
the total dispersion is then the sum of the dispersion due to the material and due to the
waveguide geometry. The dimensions of the As,S; rib waveguide are shown in Fig. 2(a), with
the fundamental quasi-TM (vertically polarized) mode field diagram in Fig. 2(b). A finite-
element mode solver, FemSIM™, was used to calculate the dispersion of this fundamental
mode, shown in Fig. 2(c), and was engineered to be anomalous at telecommunication
wavelengths [14]. Figure 2(c) also shows the material dispersion of bulk As,S; [21], the
difference between the two curves being the result of waveguide dispersion. Therefore with a
pump centered near 1550 nm, where D = +30 ps/nm/km, we can expect to observe FWM gain
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Fig. 1. Concept of single-pump (degenerate) four-wave mixing. A high-power pump and weak
signal co-propagate within a nonlinear medium. If the phase-matching conditions are met,
energy from the pump is transferred to the signal, providing amplification and creating an idler
due to energy conservation. Note that the above shows a serpentine waveguide, whereas a
straight waveguide is utilized in this paper.
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Fig. 2. (a) Schematic of the As,S; rib waveguide. (b) The fundamental quasi-TM mode field.
(c) Total and material dispersion curves for the waveguide shown in (a).

over a broad bandwidth. The effective area of this mode was calculated to be 1.2 ymz and,
combined with a nonlinear refractive index n, of 3.0x10™"® m*/W, gave a nonlinear parameter
v of ~9900 /W/km. This y-value is slightly reduced due to the mode field extending beyond
the nonlinear core, as shown in Fig. 2(b).

3. Experimental results

Figure 2(a) shows the basic geometry of the waveguide. As,S; was deposited onto a silica-on-
silicon substrate using thermal evaporation [22] to a thickness of 0.85 um. Photolithography
was used to define 2 ym-wide waveguides and inductively coupled plasma reactive ion
etching with CHF; gas was used to etch a 350nm deep rib waveguide [23]. The waveguide
was 65 mm long and had a propagation loss estimated to be 0.5 dB/cm. Due to its high
refractive index (n ~2.4), even at these small dimensions the waveguide supports two TE
modes (horizontally polarized), although only one TM mode is expected. Only the
fundamental TM mode is used in this experiment.

The experimental setup is shown in Fig. 3. To achieve a high peak power while
maintaining a low average power, a low duty-cycle pulsed laser was used as the pump source.
The pulsed pump was combined with a low-power CW signal using a 90/10 coupler. Input
and output coupling to the As,S; waveguide was achieved through lensed fibers, resulting in a
loss of ~6.9 dB per facet including reflections. Polarization controllers (PC) were used to
align the pump and signal independently to the TM-mode of the waveguide, and spectra were
recorded using an optical spectrum analyzer (OSA). The 10 MHz mode-locked fiber laser
provided pulses with a full-width at half-maximum of 3 ps at a wavelength of 1532 nm, and a
coupled peak power of 9.6 W (39.8 dBm). The CW source had a coupled power of 0.032 mW
(-14.9 dBm) and its wavelength was varied from 1550 to 1630 nm.

AsS
waveguide

Fig. 3. Experimental setup used for measuring FWM spectra.
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Fig. 4. Experimental spectrum (blue, solid line) after propagation through the As,S; waveguide
with the pump at 1532 nm and the CW signal at 1610 nm, compared to simulation (red, dashed
line), with the simulated input spectrum (green, dotted line). The combined FWM and Raman
gain estimated from simulation is +32.5 dB for the signal (from coupled input to output signal
peak power) and +30.6 dB for the idler (from coupled input to output idler peak power). The
inset shows the Raman gain spectrum, based on experimental measurement, used in the
simulation.

The measured output spectrum indicating maximum gain is shown in Fig. 4 for the CW
signal tuned to 1610 nm. The nonlinear Schrodinger equation (NLSE) [20] was used to
calculate a numerical fit to the experimental spectrum;

2 3 4
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0z 2 2000t 3 o 4 ot
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where A(zt) is the electric field wave amplitude as a function of propagation distance and
time, f, is the n-th order dispersion parameter; « is the linear loss; a, is the two-photon
absorption coefficient (6.2><10’15 m/W for As,S;); A,y is the effective area; wy is the average
angular frequency; and R(7) = (1-fz)d(¢) + fz hx() is the response function, including a Raman
contribution /Ag(f) which was modeled using Raman gain spectrum measured experimentally
in a similar As,S; waveguide, with a fractional contribution of the delayed Raman response fr
of 0.14. The NLSE was solved using the split-step Fourier method with an adaptive step-size
algorithm [24]. The input field was constructed using the parameters given above and the
dispersion described using the results shown in Fig. 2(c). The resulting simulated spectrum,
also shown in Fig. 4, is in excellent agreement with the experimental spectrum. The output
peak powers were calculated from the simulation to be 58 mW (17.7 dBm) for the signal and
37 mW (15.7 dBm) for the idler. This yields a signal gain (output signal to input signal peak
power) of 4+32.5dBm and an idler gain (output idler to input signal peak power) of
+30.6 dBm. This is comparable to gain provided by EDFAs, or +15 to +25 dB of broadband
parametric gain expected using tens of meters of highly nonlinear fiber (HNLF) and similar
peak powers [25, 26], and far exceeds the +1.8 dB of net-gain achieved in silicon waveguides
[11]. Even when coupling losses were included, the net gain was still large, at +18.8 dB for
the signal and +16.8 dB for the idler. This is therefore the first time net-parametric gain has
been observed in a planar waveguide.

eff
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Fig. 5. (a) Experimental spectra after propagation through the As,S; waveguide showing the
FWM gain bandwidth with a pulsed pump at a wavelength of 1530 nm and a CW signal at
wavelengths varying between 1550 nm and 1630 nm. (b) SSFM simulated spectra modeling
the experiment using the dispersion shown in Fig. 2(c). Simulations suggest more than 30 dB
of FWM gain (peak power in the idler compared to the signal input power) and a bandwidth of
over 180 nm.

To investigate the bandwidth of the parametric gain, the CW signal wavelength was
varied between 1550 and 1630 nm. The recorded spectra are shown in Fig. 5(a) and indicate a
broad parametric gain bandwidth of 180 nm, spanning all of the C-band and most of the S-
and L-bands as well. This is twice the bandwidth shown in silicon planar waveguides [11],
and is similar to results demonstrated in HNLF [25]. The same simulation and parameters
described previously were used to compare the experiment to theoretical expectations, shown
in Fig. 5(b), again achieving excellent agreement.

4. Discussion and conclusion

The estimated signal and idler gain is shown in Fig. 6(a). The gain is calculated using the
same simulation shown in Fig. 5(b), by filtering the spectrum and Fourier transforming this to
find the peak power in the signal and idler. The horizontal lines indicates the level of gain
needed to compensate for input and output coupling losses, i.e. any gain above this line is net-
gain from the device. Again using the same simulation parameters, the gain dependence on
pump power is illustrated in Fig. 6(b), showing a steady increase in signal and idler gain with
increasing pump powers, with no sign of saturation. This contrasts with the case of silicon-
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Fig. 6. (a) Signal and idler gain, excluding coupling losses, versus wavelength simulated using
same parameters as those used in Fig. 5(b). The horizontal dashed line denotes the level of
gain necessary to compensate for coupling losses. (b) Peak signal and idler gain as a function
of the pump input peak power, simulated using the same parameters.

based OPAs using similar peak powers, which show strong saturation at gain levels well
below that necessary to compensate for the coupling and propagation losses [11].

Despite the large coupling loss of 6.9 dB per facet, we are able to observe a large net-
gain. Improvements in fabrication and coupling methods can reduce this loss and increase the
power in the output signal and idler. The use of inverse tapers in silicon nanowires has
resulted in as little as 0.8 dB of loss per facet [27]. With the use of such devices, the net gain
in our chalcogenide waveguides could be increased to ~30 dB.

The peak pump power used in this experiment is significantly larger than the powers used
in typical communication systems. However, because the nonlinear phase that drives the
FWM process is proportional to yP,L, where L is the device length, the same phase can be
applied with reduced P, using either (or both) increased y or L. We are currently researching
both of these possibilities through a reduced effective area, which increases y, and the use of
serpentine (illustrated in Fig. 1) or ‘racetrack’ waveguides, which increase L without a
significant increase in the device footprint. Simulations using FemSIM™ indicate that
bending losses should be negligible at the planned bend radius of 50 mm, and experiments in
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Fig. 7. Simulation of signal and idler gain with decreasing fractional contribution of delayed
Raman response.

similar serpentine waveguides support this [22, 28]. This experiment also utilized low
average powers (low duty cycle pulses), which is necessary given the average power handling
characteristics of chalcogenide glasses. Using the afore-mentioned improvements to reduce
peak power, future experiments can be done at similar average powers but at much higher
duty cycles (e.g. demonstrations of high bit-rate telecom functionalities) due to the reduced
peak power requirements.

The enhancement due to Raman gain can be seen in the cross-phase modulation (XPM)
sidebands on the CW signal for wavelength between 1600 and 1620 nm. For the dispersion of
the As,S; waveguide and pump power used in the experiment, the FWM gain peak occurs
within the Raman gain spectrum, further enhancing the parametric amplification. To observe
this enhancement directly, Fig. 7 shows simulated gain spectra for decreasing f, i.e. reducing
the contribution of the delayed Raman response. As expected, Raman scattering is
responsible for the peak in the gain spectra at the frequency offset corresponding to the peak
in the imaginary part of complex Raman susceptibility. However dispersion in the real part of
Raman susceptibility causes an additional phase mismatch which affects the phase matching
necessary for FWM. By decreasing fz, the additional Raman phase shift is reduced, and the
expected FWM gain spectrum is recovered. Thus, Raman scattering has increased the peak
gain of the experiment, but has also reduced the bandwidth by impairing the FWM phase
matching beyond the Raman gain peak. The theory behind this is outlined by Hsieh et al. and
experimentally verified for silica dispersion-shifted fiber [29].

By engineering the dispersion of a highly nonlinear As,S; waveguide, we have achieved
the first observation of net-gain from parametric amplification in a high-index planar
waveguide. We report a peak gain more than +30 dB, which is comparable to the gain
expected from a silica fiber OPA or even a commercial EDFA. The net-gain of the device,
including all coupling losses, remains greater than +16 dB and represents the first observation
of net-gain in a planar waveguide OPA. The bandwidth of the parametric gain is 180 nm,
spanning multiple communication bands and double the bandwidth previously demonstrated
in silicon waveguides. These preliminary results emphasize the potential of chalcogenide
glasses for use in integrated optical devices on a chip for nonlinear signal processing.
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