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Abstract: Four-wave mixing is a versatile optical nonlinear parametric process that enables a
plethora of signal processing functionalities in optical communication. Realization of efficient and
broadband all-optical signal processing with ultra-low energy consumption has been elusive for
decades. Although tremendous efforts have been put into developing various material platforms, it
has remained a challenge to obtain both high efficiency and broadband operation. In this paper, we
present an aluminum gallium arsenide nonlinear chip with the highest four-wave mixing conversion
efficiency per length per pump power and an ultra-broad bandwidth. Combining an ultra-high
material nonlinearity and the strongest effective nonlinear enhancement from a high-index-contrast
waveguide layout, an ultra-high conversion efficiency of -4 dB is obtained in a 3-mm-long nano-
waveguide. Taking advantage of high-order dispersion, a new scheme is presented to realize an ultra-
broad continuous conversion bandwidth covering 1280-2020 nm. A microresonator is also utilized to
demonstrate a conversion efficiency enhancement gain of more than 50 dB with respect to a
waveguide device, which significantly reduces the power consumption. Moreover, wavelength
conversion of an optical serial data signal is performed at a bit rate beyond terabit-per-second,

showing the capabilities of this III-V semiconductor material for broadband optical signal processing.
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1. Introduction
Supported by the millions of kilometers of optical fiber spun around the world, the internet traffic is
incessantly growing, and all connections are constantly requiring higher bandwidth. All active signal
processing of the transmitted optical data is performed electronically today after optical-to-electrical
conversion of parallel channels, each at data rates within the bandwidth allowed by electronics,
typically up to around 100 GHz. With continuous traffic growth, the amount of active signal
processing follows suit, and there may be a need for fewer but more efficient parallel signal processors.
Such processors may be optical signal processors, as such can operate at speeds far above that of
electronics[1] and cover bandwidths in excess of the used telecom wavelength bands, thus enabling
massively parallel signal processing in a single device. For these reasons, optical signal processing
(OSP) is subject to extensive ongoing research involving the exploration of various nonlinear optical
effects and various nonlinear optical materials harnessed and demonstrated for several specific simple
signal processing functionalities. A commonly used nonlinear optical effect is four-wave mixing
(FWM), owing to its transparency to data format and the preservation of coherence. FWM is based
on the generation of Stokes and anti-Stokes photons from two pump photons obeying the energy and
momentum conservation through the third-order susceptibility. The nearly instantaneous response
(femtosecond scale) of the parametric process potentially enable processing data signals at speed
beyond terabit-per-second (terabaud symbol rates). Applying different pumping schemes, one can
use the FWM process for various applications, such as wavelength conversion, parametric
amplification, signal regeneration, waveform sampling, switching, de-multiplexing, and optical phase
conjugation.

High-performance FWM demonstrations have been made in highly nonlinear fibers (HNLFs)[2]
normally with tens of meters length due to a relatively low material nonlinearity. Following the trend

of device miniaturization, nonlinear OSP has also been extended from HNLF to integrated



platforms[3] where the combination of a high intrinsic nonlinearity and strong light confinement leads
to an ultra-high effective nonlinearity. Figure 1a shows the schematic illustration of an example of an
OSP application, namely all-optical wavelength conversion using a degenerate FWM process in a
nonlinear photonic chip. With the presence of a strong continuous-wave optical pump beam (green)
in a nonlinear waveguide, the binary data encoded on the intensity signal pulses (blue) can be
replicated to idler pulses (red). Two pump photons and one signal photon interact to create an idler
photon, and by energy conservation, the idler photon will be at a new optical frequency. Since the
idler pulse intensity is proportional to the product of the intensities of the interacting waves and the
phase is a linear combination of those of the interacting waves, such a conversion offers strict
transparency with respect to modulation formats by preserving phase and amplitude information.
An ideal integrated nonlinear platform would display both a high conversion efficiency and a
continuous broad conversion bandwidth. Though early efforts made on the silicon-on-insulator (SOI)
platform showed promising results,[4—7] the SOI devices suffer from the two-photon-absorption
(TPA) induced free-carrier absorption (FCA) at the telecommunication wavelengths. Since the FWM
and TPA scale the same way with power, the presence of TPA severely limits the application of this
and other platforms suffering from TPA. To quantify the performance of different material platforms
for OSP applications at low-power operation conditions, we use a figure of merit (FOM), defined by
the ratio of the nonlinear coefficient (or effective nonlinearity) to attenuation coefficient.[8] Note that
the FOM used in this paper is different from the TPA-related FOM, which is defined to be
proportional to the ratio of material nonlinearity and TPA coefficient, and is commonly used for
materials with small bandgaps.[3] The TPA-related FOM reflects material properties (and is infinite
in all TPA free materials) while the FOM used in this paper emphasizes the overall efficiency of a
waveguide platform. Targeting a higher FOM, a variety of integrated material platforms[9-23] have

been proposed and developed. However, it is rather challenging to enhance the FOM as improving



one of the parameters is often associated with a degradation of the other. The waveguide linear and
nonlinear loss can be reduced by using low index materials with very large bandgaps, [9—14] where
the mature fabrication and the low-index contrast waveguide layout ensure a small scattering induced
by the sidewall roughness. However, the overall FWM performances are then limited by a reduced

effective nonlinearity, which is defined by y=wny/cA effs where 77 is the material’s intrinsic nonlinear
index, 4, fis the area of the propagating mode, c is the speed of light and w is its angular frequency.

On the other hand, the device effective nonlinearity can be increased by either engineering the
material[ 17-23] to enhance the intrinsic nonlinearity or by structural engineering of the nonlinear
medium to enhance the light-matter interaction using resonant effects like in photonic crystal
waveguides (PhCW)[24] or microresonators.[25-31] The challenges for the material engineering
approach, lies in the fabrication concerning high-quality material synthesis and device patterning. In
addition, the structural engineering approach yields a limited operation bandwidth for PhCWs
(operation linewidth for microresonators). For non-resonant straight waveguides, the FWM
conversion bandwidth can be increased by careful dispersion engineering.[5,6] It is, however,
challenging to simultaneously push both conversion efficiency and bandwidth since they are
correlated via the nonlinear interaction length. In spite of tremendous efforts made in developing new
material platforms in the last decade, the achievable maximal efficiency-bandwidth product has not
been significantly improved yet.

In this paper, we achieve a significant improvement of the conversion efficiency-bandwidth
product. We present a recently developed integrated material platform, which offers low linear and
nonlinear material absorption, large intrinsic nonlinearity, strong light confinement, and mature
patterning technologies. We present a universal scheme for highly nonlinear waveguide platforms to
generate an ultra-broad continuous conversion band. Benefitting from the improved FWM

performance, we experimentally realize all-optical wavelength conversion of optical serial data



signals at a data speed beyond THz pulse rates (terabaud symbol rates). A tremendous power
consumption reduction is also demonstrated in a GHz-linewidth microresonator, showing potential

for realizing ultra-low power, monolithically integrated optical signal processors.

2 Materials and Methods
Aluminum gallium arsenide (Al;xGarAs) is a semiconductor material, which has been widely used
in double heterostructure devices like GaAs/AlGaAs lasers. Leveraging the mature growth
technology developed for semiconductor lasers, high-quality AlGaAs thin films can be epitaxially
grown on lattice-matched substrate materials such as GaAs. AlGaAs exhibits a high intrinsic Kerr
(third-order) nonlinearity (on the order of 10°'” m?W !, higher than silicon) and has been proposed
for nonlinear processes since 1994.[32] Moreover, the material bandgap of Al;-.GacAs can be
engineered by changing the aluminum concentration (x) in such a way that the bandgap is sufficiently
large to avoid TPA in the 1550nm range while the material nonlinearity is maintained at a high
level.[33] Although the high linear index (similar to silicon) makes AlGaAs potentially suitable for
high-confinement nano-waveguides, the conventional deep-etched AlGaAs waveguides exhibit low
effective nonlinearity due to the vertical low-index contrast waveguide layout. To take full advantage
of the high intrinsic linear and nonlinear index of the AlGaAs material, we transferred the
conventional AlGaAs waveguide layout into a high index contrast layout, by realizing the AlGaAs-
on-insulator (AlGaAsOI) platform.[34] Note that a quadratic (second-order) nonlinearity also exists
in AlGaAs due to a non-centrosymmetric crystal structure. However, the phase-matching requirement
for the quadratic nonlinear processes [35] is quite different from that for the Kerr processes, so we
can focus on the Kerr nonlinearity in this paper.

The AlGaAsOI wafer, where a high-quality thin AlGaAs film on top of a low-index insulator layer
(Si02) resides on a semiconductor substrate, is fabricated through wafer bonding and substrate

removal processes.[36] The AlGaAsOI nano-waveguides are defined using an optimized electron-



beam lithography process and a boron trichloride (BCl3)-based dry etching process. Figure 1b shows
the scanning electron microscopy (SEM) picture of a fabricated AIGaAsOI nano-waveguide before
it is clad by insulating materials such as SiO> or Al,Os3 (see Supporting Information). A smooth
sidewall patterning and a high-quality crystal growth ensure low scattering and low material
absorption, resulting in a low linear loss device. Thanks to the large index difference (~1.8) between
AlGaAs and glass, the light can be strongly confined within the sub-micron core as shown in
Figure 1b, which not only enhances its device effective nonlinearity but also enables an efficient
dispersion engineering. With such strong light confinement, ultra-efficient nonlinear devices can be
made with a small footprint. Figure 1¢ shows such an AlGaAsOI photonic chip accommodating

hundreds of nonlinear waveguides, yet only covering less than half the area of a one euro coin.

3 Results and Discussion

3.1 FWM efficiency and bandwidth in AlGaAsOI nano-waveguides

We performed a continuous-wave (CW)-FWM measurement using a pump-probe setup (see
Supporting Information). Figure 2a shows the measured FWM spectrum at the output of a 3-mm long
AlGaAsOI nano-waveguide with a cross-sectional dimension of 280x640 nm?. A conversion
efficiency of —4.2 dB is obtained when a pump power of 400 mW is coupled in the nano-waveguide.
The conversion efficiency has a slightly lower value than expected at pump power larger than
200 mW. Since the effects of three-photon absorption are negligible at this power level (see
Supporting Information), the effects of surface states may play a role here and need to be suppressed
for higher power operations.[37] Figure 2b shows the measured conversion efficiency as a function
of the coupled pump power where the conversion efficiency follows a quadratic relation with the
pump power. The solid line shows the fitting from which an effective nonlinearity of 630 W'm™! is

derived. Thanks to the high device nonlinearity, we obtain a higher conversion efficiency than that



reported for conventional (deep-etched) AlGaAs waveguides,[33] and we use only half of the pump
power and one-eighth of the device length.

To achieve broadband FWM, the phase matching condition needs to be ensured for a large pump-
to-signal detuning. Only a small pump-to-signal detuning was applied in the characterization above
to ensure phase-matching. Considering both the linear and nonlinear phase mismatch contributions,
the phase mismatch can be expressed as x=Ap+2yP,, where AS=ps+pi-2f, 1s the linear phase
mismatch due to dispersion, fs, £; and f, are the propagation constants of the signal, idler and pump,
respectively. The power dependent nonlinear phase mismatch is due to self-phase modulation (SPM)
and cross phase modulation. P, is the pump power and y the waveguide effective nonlinearity. In the
undepleted pump regime,[38] the output FWM conversion efficiency can be expressed as y>P,°Lesn,
where Lej=(1-e“)/a is the effective length of the waveguide (a: the loss per unit length, L: the
waveguide length) and the phase matching factor # can be expressed by the equation

n=0o’(1+4e “Lsin’ (ABL/2)/(1—e “L)?)/(a’+A°) (1)
An efficient parametric conversion occurs when the linear phase mismatch Ap is close to zero, and
such a near-phase-matching condition typically results in a continuous conversion bandwidth
centered at the pump frequency. At moderate pump powers (2yP,L<<m), the phase mismatch is
mainly dependent on the linear term, which is typically dominated by the second order dispersion />
(or group velocity dispersion (GVD) D=—2mnc/:/A?). Therefore, it is of utmost importance for
parametric conversion that the device dispersion can be controlled in an efficient way so that the
pump can be placed close to the zero dispersion wavelength (ZDW) to enhance the bandwidth of the
continuous main-phase-matched conversion in the vicinity of the pump wavelength. Owing to strong
light confinement, the intrinsic normal dispersion of the AlGaAs material can be readily compensated
by the waveguide dispersion to be anomalous, and the ZDW can be tuned as shown in Figure 2c. The

overall dispersion shape can also be tailored by changing the waveguide cross-sectional dimension.



Enabled by state-of-the-art nano-lithography techniques, the waveguide dimension can be controlled
with a sub-10 nm accuracy allowing precise control of dispersion. Focused on lowering and flattening
the second order dispersion or GVD, conventional dispersion engineering can also be realized by
tailoring the waveguide shape,[6] adding thin over-cladding films,[39] or applying slot waveguide
layouts.[40] Here we present a different scheme utilizing high-order phase matching to enhance the
continuous bandwidth for strip waveguides in the presence of an ultra-high effective nonlinearity in
the device.

Figure 2d shows the measured FWM conversion efficiencies (normalized) as a function of signal-
idler wavelength separation (conversion bandwidth) for 3-mm long AlGaAsOI nano-waveguides
with different cross-sectional dimensions. We pump the nano-waveguides in the telecom C-band (the
pump wavelengths are denoted by the dots in Figure 2¢). The pump power is kept at 20 mW at the
output of the tapered fiber. In spite of a relatively large GVD value (670 ps/km/nm) at the pump
wavelength, the nano-waveguide with a cross-sectional dimension of 305500 nm? exhibits a broad
conversion bandwidth of 100 nm due to the short waveguide length. While taking into account the
high-order phase matching, the dispersion engineered cross-sectional dimension (280x640 nm?)
allows for an ultra-broad conversion bandwidth of about 750 nm, which not only covers the telecom
O-band to U-band, but also offers access to the 2-um wavelength region where new fibers and
amplifiers are developed for future ultra-high-capacity communications networks.[41]

Considering higher dispersion orders of the waveguide and assuming that dispersion orders only
up to fs are significant, the linear phase mismatch Af can be approximated as fsAw*/12+p:A0?,

where Aaw=as- @, 1s the angular frequency separation between the signal and the pump, and f is the

fourth order dispersion coefficient. If ,4,<0, phase matching also occurs for Aw = +,/-124, / B, , which

gives rise to a discrete high-order phase-matched conversion band on top of the main phase-matched

conversion band. This conversion behavior has been demonstrated with ultra-large pump-signal



frequency separation,[42] and has been proposed as a means to realize light sources at otherwise
unattainable wavelength ranges.[43] However, the discrete conversion band is normally very narrow
and has little impact on the optimal pumping wavelength and the bandwidth of the main phase-
matched conversion band. If the device nonlinearity can be made sufficiently high so that the
interaction length can be significantly reduced while maintaining high efficiency, the overall
conversion bandwidth becomes sensitive to the high-order dispersion. Figure 2e shows the simulated
phase-mismatch (|Af-L/n|) for different pump and signal wavelength settings for a 3-mm long
AlGaAsOI device with a waveguide dimension of 280x640 nm?. The solid lines correspond to the
boundaries of the near-phase-matched conversion, where the conversion efficiency is half that of the
perfect-phase-matched case. Compared to pumping at the ZDW (about 1540 nm), a significant
bandwidth enhancement can be obtained by carefully choosing the pump wavelength according to
the higher order phase-matching conditions. Depending on the device length, the optimal pump
wavelength moves away from the ZDW leading to a merger of the main phase-matched conversion
band and the high-order phase-matched conversion bands realizing an ultra-broad continuous
“synergetic” conversion band. Though waveguide dispersion is sensitive to any small dimension
change due to fabrication imperfections, especially for high confinement waveguides, the high-order
phase-matched waveguide can be readily realized using state-of-the-art patterning technologies (see
Supporting Information). Figure 2f shows the simulated conversion efficiency (normalized) evolution
as the waveguide length increases when the nano-waveguide is pumped at 1560 nm. It is seen that
the “synergetic” conversion band is present as long as the waveguide length is kept within three
millimeters as the strict phase matching requirement between those bands is relaxed for such a
compact device. While it is the high index contrast that enables the broad bandwidth it is the high

effective nonlinearity that allows a short device and makes the scheme interesting in practice.



3.2 FWM performance comparison of nonlinear waveguides in different material platforms
Figure 3 summarizes the CW-FWM performances concerning the achieved maximum conversion
efficiency and continuous bandwidth for nonlinear waveguides reported in different material
platforms. The color of the data points is scaled according to the waveguide effective nonlinearity.
Pioneering work on CW-FWM in integrated platforms starts with the SOI waveguide platform. M.A.
Foster at al. demonstrated a broadband FWM operation (~150 nm) in a silicon strip waveguide.[5]
Limited by the TPA-induced FCA, the FWM conversion efficiency saturated at =10 dB. An ultra-
broad FWM conversion bandwidth has been demonstrated in silicon waveguides with a thin slab
layer.[6] However, due to a longer carrier lifetime, the conversion efficiency saturated at a lower level
(—18 dB). To mitigate the FCA effects, a reverse-biased p-i-n diode has been employed in a silicon
rib waveguide to remove the generated carriers, which pushed the conversion efficiency to —1 dB.[7]
The conversion bandwidth is, however, limited by the reduced freedom to dispersion engineer for
such a waveguide layout. It is very challenging to simultaneously achieve optimal conversion
efficiency and bandwidth in the SOI platform. As shown in Figure 3, the achieved results in the SOI
platform follows the dashed gray line, which shows a constant efficiency-bandwidth product.

In the last decade, tremendous efforts have been made to develop the ultimate material platform
with a higher FOM that can outperform the SOI platform for nonlinear parametric processes.
Engineering silicon-based materials like silicon ultra-rich nitride (Si7N3),[18] amorphous silicon (a-
Si1),[19] silicon germanium (Si;-xGey),[20] and silicon nano-crystal (Si-nc)[23] can enhance the
device nonlinearity. However, the increased TPA coefficient also limits the FWM performance for
Si;—xGe, and a-Si (in the case of pushing material nonlinearity[44]) while the extra material
absorption associated with the material engineering also limit the performance in the case of Si;-xGex,
Si7N3, and Si-nc. To avoid the detrimental TPA, materials with lower refractive index than silicon

but larger bandgaps including tantalum pentoxide (Ta>Os),[12] silicon carbide (SiC),[15] silicon (rich)
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nitride (SxNy),[21] S13N4,[45] and chalcogenides (ChG)[46] have been investigated. Though low loss
waveguides are realized in those materials enabling a long nonlinear interaction, the demonstrated
conversion efficiencies are limited at a lower level even with high pump powers due to an order of
magnitude lower device nonlinearities than the aforementioned silicon-based materials. The achieved
bandwidths are also limited due to the unavoidable phase mismatch induced by a long waveguide
length. Though SiC exhibits a relatively good performance among those TPA-free materials, the
overall performance is limited due to the intrinsic material absorption and immature fabrication
technology at present. It is clear that the material platforms with higher effective nonlinearities find
their places in the upper right region (higher efficiency-bandwidth product region) in Figure 3.

III-V materials such as AlGaAs and InGaP both exhibit large material inherent nonlinearities and
large bandgaps. Without the nonlinear loss limit from TPA, a conversion efficiency as high as —6 dB
has been demonstrated in a 2.5-centimeter-long conventional AlGaAs waveguide[33]. However, the
low-index contrast waveguide layout makes the dispersion engineering challenging for the realization
of broadband operation. Using high-index-contrast waveguide layout, one can take full advantage of
the high intrinsic nonlinearity of a nonlinear medium and also enable efficient dispersion engineering.
Although attempts on the InGaP-on-insulator platform result in a similar high device nonlinearity[16]
as AlGaAsOl, the large linear loss induced by the current fabrication technology severely limits its
performance. Therefore, only by combining a high material quality, a high material nonlinearity, high
waveguide confinement, a sophisticated dispersion design and mature fabrication technology, a CW-
FWM performance superior to that of the SOI platform can be achieved. This is demonstrated in the
AlGaAsOI platform in this work, where we show a -4 dB conversion efficiency and a 750 nm

conversion bandwidth, upper right corner of Figure 3.
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3.3 System demonstration of all-optical wavelength conversion beyond a terabaud

As a suitably challenging OSP application, which would need to take advantage of both the FWM
efficiency and the ultra-broadband nature offered by the AlGaAOI platform, we performed
wavelength conversion of an ultra-high speed data signal, which consists of a train of sub-ps pulses
and spectrally almost covers the whole C-band. The experimental setup for the wavelength
conversion of a 1.28—Tbit/s serial return-to-zero (RZ) DPSK signal is shown in Figure 4a. In the
1.28—Tbit/s transmitter, a 10-GHz pulse train is generated from a mode-locked laser and then
compressed by SPM and dispersion. The generated short pulses are DPSK modulated by a 10—Gbit/s
FEC (6.6% overhead) coded data pattern in a Mach-Zehnder modulator (MZM). The modulated
10—Gbit/s DPSK signal is multiplexed in time to 1.28 Tbit/s using a passive fiber-delay multiplexer
(MUX x128). The generated 1.28-Tbit/s RZ-DPSK signal at 1550 nm is combined with a CW pump
at 1568 nm through a WDM coupler and launched into the AlGaAsOI nano-waveguide. Both the
pump and the signal waves are aligned to the TE polarization of the AIGaAsOI nano-waveguide. The
input pump power is kept at 35.5 mW to ensure good fiber-to-chip alignment stability. Figure 4b
shows the optical spectra at the input (green for the pump and blue for the signal) and the output
(black curve) of the nano-waveguide. The wavelength-converted signal centered at 1586 nm is
extracted from the pump and the original signal using a filtering subsystem, consisting of optical
bandpass filters and an EDFA in between (see red curve in Figure 4b). The wavelength-converted
signal is characterized in the time domain by measuring autocorrelation traces (Figure 4c). The pulse
width (FWHM: 340 fs) of the wavelength-converted data pulses is almost unchanged compared to
the input data pulses (FWHM: 350 fs) as a benefit of an abundant conversion bandwidth. The
converted 1.28—Tbit/s OTDM signal is received by a 1.28—Tbit/s time-domain optical Fourier
transformation (TD-OFT) based OTDM receiver,[47] and the de-multiplexed 10 Gbit/s channels are

detected by a 10 Gbit/s DPSK receiver, and finally decoded by a FEC decoder. The performance of
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the converted signal is evaluated by error counting before and after FEC decoding. Figure 4d shows
the BER measurements before the FEC decoding for both the back-to-back 1.28 Tbit/s signal and the
converted 1.28 Tbit/s signal. The inset of Figure 4e shows the 10 Gbit/s demultiplexed and
demodulated eye diagram from the 1.28 Tbit/s wavelength converted RZ-DPSK signal. The
wavelength-converted 1.28—Tbit/s RZ-DPSK signal achieves a BER well below the FEC limit of
3x1073 for all 128 tributaries as shown in Figure 4f (upper). The wavelength conversion experiment
is performed at moderate pump power (minimum to achieve a proper conversion), which limits the
conversion efficiency to —23 dB. Therefore, the optical signal-to-noise ratio (OSNR) of the signal
degrades after the conversion, resulting in an error floor at BER~107°. The error floor could be
lowered if the conversion efficiency is increased by increasing the pump power. We also measure the
absolute post-FEC errors (Figure 4f (lower)). The FEC module properly corrects the errors to yield
zero errors for all 128 demultiplexed 10—Gbit/s channels of the wavelength-converted signal. This
corresponds to a post-FEC error-free performance at a net data rate of 1.2 Tbit/s.

Compared to a previous demonstration of wavelength conversion of a 640 Gbit/s data signal in a
silicon waveguide[4] with slightly worse performance, the required pump power used in this
experiment is much less even though the data rate is doubled thanks to the ultra-high device
nonlinearity of the AlGaAsOI nano-waveguide. Using the same pump power, the BER measurement
of wavelength conversion of 640 Gbit/s data in an AIGaAsOI nano-waveguide shows an error-free
performance at 10~° without using FEC module (see Supporting Information). Very recently, I.
Sackey et al. demonstrated 1.024 Tbit/s wavelength conversion in a silicon rib waveguide with a
p—i—n diode where the eight parallel 16QAM data signals are processed at a symbol rate of
32 Gbauds.[48] In our work, we convert a serial 1.28 Tbaud single channel single polarization data
signal carrying binary data resulting in 1.28 Terabit/s, thus clearly validating the ultra-fast nature of

the nonlinear parametric process.

13



3.4 FWM in AlGaAsOI microresonators

To further reduce the power consumption, resonance effects in resonant waveguides like PhACWs or
microresonators can be utilized to enhance the FWM conversion efficiency. In PhCWs, the
enhancement is enabled by slowing down the light propagation in nonlinear media. However, the
operation wavelength ranges of such slow-light PhCWs are very narrow (typically less than 15 nm)
even for optimized designs.[24] In microresonators, the enhancement is realized due to a high
intracavity circulating power,[25] and the conversion efficiency can be expressed by
Y2 PZL% ¢ FESFEZFE? . In the phase-matching case, FEx (k=p,s,i corresponds to pump, signal, and
idler, respectively) is the field enhancement factor estimated by «/(1-ar), where «, 7, and a are the
coupling coefficient, transmission coefficient, and the amplitude transmission coefficient,
respectively.[25] The maximum FE can be achieved at the critical coupling condition (x=a).
Parametric amplification and oscillation can be obtained under CW pumping operation for high
quality-factor (Q) microresonators,[9,10,34] which can be potentially utilized as multi-wavelength
light sources for WDM systems.[49] Though the overall wavelength operation range for the
parametric operations in microresonators can be very broad (up to an octave span), the narrow
resonance linewidth of such high O microresonators limits their capability to handle high-repetition-
rate data signals carried by optical pulses with broad spectra. The filtering induced pulse broadening
in those narrow-linewidth devices may lead to a crosstalk between neighboring pulses. A moderate
QO microresonator is therefore more suitable for OSP applications in spite of a reduced FE factor. The
overall wavelength conversion performance for microresonators in OSP is always a trade-off between
the FE factor and operation linewidth (see Supporting Information). Compared with straight
waveguides, the power consumption can be significantly reduced in microresonators at the price of a
reduced maximal data rate for single-channel wavelength conversion. However, the data rate

limitation can be mitigated to some extent by using a more sophisticated design such as the coupled
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resonator optical waveguide (CROW) design[26] where low O microresonators with wider operation
linewidths can be used while maintaining a high FE factor, due to a further reduced group velocity at
resonance wavelengths. Since the main building block of a CROW design is a single resonator, we
focus our discussion on single microresonators in this section.

Figure 5a shows a fabricated 17.2-um-radius AlIGaAsOI microresonator with a free spectral range
(FSR) of 730 GHz. The device is designed to be operated under over-coupled conditions for a
relatively broad resonance linewidth. Figure 5b presents the measured (normalized) transmission
spectrum of the microresonator. The resonance linewidth of the resonator is around 35 pm, which
corresponds to 4.5 GHz (the loaded Q factor is around 44,000). Figure S5c shows the spectra of the
input pump (green) and the signal (blue) when their wavelengths are off-resonance. The black curve
shows the output spectrum when both pump and signal are on-resonance. With a coupled pump power
of only 250 uW, an idler is observed, and conversion efficiency (output idler power/input signal
power) of —40 dB is obtained. Figure 5d shows the measured conversion efficiency as a function of
the coupled pump power in the bus waveguide and a maximum net efficiency of —12 dB is obtained
with only 7 mW pump power. Compared to FWM in a straight waveguide with the same physical
device length, we obtain a 53 dB enhancement of the FWM conversion efficiency (see Supporting

Information).

3.5 FWM performance comparison for microresonators in different platforms

Since the first demonstration of FWM-based wavelength conversion in GaAs microresonator using a
pulsed pump,[25] several different material platforms have been explored to push the performance
for microresonator-based wavelength conversion under CW operation.[26-31] Ideally, a
microresonator should have a large resonance linewidth but allow a high conversion efficiency at a
low pump power. Figure 6a summarizes CW-FWM performances of microresonators made in

different material platforms concerning the conversion efficiency, the resonator linewidth and the
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power consumption. The color of the data points is scaled as the pump power used in the
corresponding demonstrations. For low-index contrast Hydex microresonators, either a narrow
linewidth is required to enable a low-power conversion[27], and a high pump power (>100 mW) is
required to achieve an efficient conversion for broad-linewidth devices.[28] Most of the demonstrated
conversion efficiencies are below —25 dB. The TPA-induced FCA is still the main detrimental effect
that limits the performance of silicon devices.[29] There is a recent attempt to further enhance the
nonlinearity by adding a highly nonlinear graphene top thin layer. However, the reduced Q of the
microresonator due to the lossy properties of graphene suppresses the effective nonlinearity
enhancement.[30] Although efforts have made been made to take advantage of a high intrinsic
nonlinearity in conventional deep-etched AlGaAs waveguides, the achieved conversion efficiency is
fairly low (less than —40 dB) due to the challenging fabrication, especially in patterning the bus-to-
ring coupling gap for microresonators.[31] It is seen that for the GHz resonance linewidth, the
achieved conversion efficiency in the AIGaAsOI is the highest and with the lowest coupled pump
power. It is worth noting that although the demonstrated efficiency in SOI for the CROW design is
relatively low in [26], the conversion efficiency is enhanced by 28 dB compared with a single
microresonator device made on the same chip. Therefore, the CROW scheme can be utilized to
further improve the performance of the AlIGaAsOI microresonator devices. Alternatively, “photonic
molecule”-like coupled-cavity system design can be used to engineer different modes for optimum
FWM performance independently.[50]

In order to compare the CW-FWM performance of microresonators made by different emerging
TPA-free platforms[9—18], as listed in Table 1, we calculate the relative conversion efficiency as a
function of the resonance linewidth for microresonators in Figure 6b. Here, the FSR of the
microresonators is assumed to be the same as that of the AIGaAsOI device used in Figure 5. The

operating linewidth for the maximum conversion efficiency is mainly dependent on the linear loss of
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the waveguide (or the FE factor) while the achievable maximum conversion efficiency is dependent
on the device nonlinearity. The device nonlinearity becomes a dominant effect for the performance
for larger operating linewidths as the FE factor reduces dramatically in the GHz linewidth range. For
instance, InGaP outperforms Hydex and diamond at an operating linewidth larger than 10 GHz in
spite of an order of magnitude larger linear loss. Therefore, to choose a platform for the OSP
applications using microresonators, nonlinearity should be the main concern since the linear loss has
limited impact on devices with GHz resonance linewidth. For a certain material platform, it is,
therefore, more important to engineer the waveguide to enhance the light confinement (the effective
nonlinearity) than to reduce the linear loss — this is in contrast to recent efforts to lower the linear loss
by using larger cross-section dimension waveguides of microresonators for frequency comb
generation.[51] It is seen that the AlIGaAsOI platform exhibit the best performance for GHz-linewidth
microresonators because of an ultra-high material nonlinearity and a relatively low linear loss benefit

from well-developed fabrication technologies.

To further improve the performance of AlGaAsOI microresonators, the sidewall roughness-
induced scattering and surface state effects need to be suppressed, and optimized coupler design
should be exploited (see Supporting Information). To make AlGaAs devices more versatile, electro-
optic or thermo-optic effects can be utilized to realize device tunability while heterogeneous
integration technologies can be used to bridge between the ultra-high nonlinearities of AlGaAs and

CMOS compatible platforms.[52]

4. Conclusion

We have realized an ultra-efficient nonlinear A1GaAsOI waveguide platform showing the highest
FOM among planar integrated nonlinear platforms. Leveraging the ultra-high nonlinearity of the
AlGaAsOI nano-waveguide, we have achieved a CW-FWM conversion efficiency of —4 dB in a 3-

mm-long device. We have also presented a new scheme to generate an ultra-broad continuous
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synergetic conversion band and realized a 750-nm bandwidth by optimizing the dispersion
considering high-order phase-matching and carefully choosing the pump wavelength. This
demonstrated scheme can be employed as a universal dispersion engineering scheme for other highly
nonlinear material platforms such as a-Si, Si7N3, and InGaP to obtain ultra-broadband frequency
conversion, which will be potentially valuable for telecommunication, microscopy, spectroscopy,
quantum optics, and optical frequency metrology. We have also successfully pushed the
demonstrated speed for all-optical wavelength conversion of single-polarization serial data signals
beyond terabaud, which shows great potentials for the AlGaAsOI waveguide platform for ultra-fast
OSP. Moreover, we have shown that the power consumption of such wavelength conversion can be
significantly reduced by using an AlGaAsOI microresonator. A conversion efficiency of —12 dB has
been obtained by employing a CW-pump power of only 7 mW for a GHz-linewidth device. With the
advent of on-chip lasers and hybrid fabrication technologies,[53] an ultra-compact, fully-integrated
ultra-low power wavelength converter can be envisioned utilizing the high-confinement AlGaAsOI

waveguide platform in the future.
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Figures

a Degenerate FWM

Figure 1 Nonlinear photonic chip for optical signal processing (OSP)

(a) Schematic illustration of an example OSP: all-optical wavelength conversion of data signals
based on degenerate four-wave mixing (FWM) in a nonlinear waveguide on a photonic chip.

(b) Scanning electron microscopy (SEM) picture of an AlGaAs-on-insulator (AlGaAsOI) nano-
waveguide (denoted by artificial blue color) fabricated by electron-beam lithography and
inductive-coupled plasma dry etching process. The top left-over layer is the electron-beam
resist which is used as an etching mask for patterning. The simulated field distribution for the
fundamental TE mode is superimposed on the image showing strong light confinement.

(c) Photograph of a one euro coin and a fabricated 4-mm-wide AlGaAsOI photonic chip

accommodating hundreds of waveguide-based devices.
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Figure 2 FWM characterization of AlGaAsOI nano-waveguides

(a) Measured optical output spectrum of a 3-mm-long AlGaAsOI nano-waveguide (cross-
sectional dimension: 280%640 nm?) when a pump wave (1550 nm, 400 mW) and a signal
wave (1549 nm, 100 pW) are coupled into the device under continuous-wave (CW) operation.

(b) Measured output FWM conversion efficiency (CE) as a function of pump power for the device.
The pump wavelength is set in the telecom C-band.

(c) Calculated group velocity dispersion (GVD) parameter for AlGaAsOI nano-waveguides with
different cross-sectional dimensions. The black curve shows the dispersion property for the
bulk AlGaAs material.

(d) Measured FWM conversion efficiency (normalized) as a function of signal-idler wavelength
separation for different AlGaAsOI nano-waveguides. Solid lines and shaded area show the
simulation results.

(e) Calculated phase mismatch |Af-L/n| for different pump and signal wavelength setting for the
3-mm-long AlGaAsOI nano-waveguide with a cross-sectional dimension of 280%x640 nm?.
The black contour line shows the boundaries for the near-phase-matching region (|AS-L/n|<1).
The gray and cyan lines correspond to the zero dispersion wavelength and the optimal pump
wavelength, respectively.

(f) Calculated conversion efficiency (normalized at each distance) as a function of signal
wavelength for different waveguide lengths when the Al1GaAsOI nano-waveguide is pumped

at 1560 nm. The white dashed lines shows the high-order phase-matched wavelengths.
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Figure 3 CW-FWM performance comparison
Summary of experimentally achieved conversion efficiency and bandwidth for FWM at
telecom wavelengths in straight waveguides in different material platforms. The gray dashed
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Figure 4 Wavelength conversion experiment
(a) Experimental setup for all-optical wavelength conversion of a 1.28 Tbit/s DPSK data signal.
(b) Spectra at the input, output of the AIGaAsOI nano-waveguide and the converted signal after
filtering.
(c) Autocorrelation trace of the input signal and the output converted signal.
(d) BER measurements for the 1.28 Tbit/s back-to-back and the wavelength-converted signal.

Inset: eye diagram of a 10 Gbit/s demultiplexed channel from the 1.28 Tbit/s converted signal.
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(e) BER for all the 128 OTDM tributaries of the 1.28-Tbit/s converted signal.
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Figure S FWM characterization of the AlGaAsOI microresonator

(a) SEM picture of a fabricated AlGaAsOI microresonator with a radius of 17.2 pm.

(b) Measured normalized transmission spectrum of an over-coupled AlGaAsOI microresonator
at 1540 nm. The resonance linewidth is ~35 pm which corresponds to a Q factor of 44,000.

(c) Measured output spectra of the microresonator with the pump and signal waves off-resonance
(colored curves) and on-resonance (black curve). The light gray dashed lines show the
resonance wavelengths of the microresonator.

(d) Measured FWM conversion efficiency (CE) for the microresonator as a function of the pump

power in the bus waveguide.
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Figure 6 CW-FWM performance comparison for microresonators

(a) Summary of experimentally achieved conversion efficiency versus the resonance linewidth

for microresonators in different material platforms.

(b) Estimated FWM performance for microresonators in emerging two-photon absorption (TPA)-

free material platforms. The FSRs are assumed the same in the theoretical analysis.
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Tables

Table 1. Comparison of strip waveguides in emerging TPA-free nonlinear material platforms

nz

Dimension

[0d

FOM(v/ o)

Material platform n (m2w-1) (um?) (m’l\(N’l) (dB cm1) (W-1) Reference
Hydex 1.7 1.2x10-19 1.45x1.50 0.22 0.06 0.16 [9]
SizNg 2.0 2.5x10-19 0.71x1.65 1 0.5 0.09 [10]

AIN 2.1 2.3x10-19 0.65x3.50 0.7* 0.6 0.05 [11]
Taz0s 2.1 1.0x10-18 0.40x0.70 5.2 12.6 0.02 [12]
Diamond 2.4 8.2x10-20 0.95x0.85 0.6* 0.34 0.08 [13]
TiO2 2.4 1.6x10-19 0.25x0.90 1.5 8 0.01 [14]
SicC 2.6 8.0x10-18 0.74x1.40 27* 12.8 0.09 [15]
InGaP 31 6.0x10-18 0.25x0.63 475 12 1.7 [16]
SxNy 2.1 1.6x10-18 0.30x1.00 16 1.5 0.46 [17]
Si7N3 3.1 2.8x10-17 0.30x0.55 500 4.5 48 [18]
AlGaAs 3.3 2.6x10-17 0.28x0.64 630 1.3 21 This work

“Derived value according to the available data provided in relevant reference.
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