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Abstract: In this paper, we present a review on silicon-based nonlinear devices for all optical nonlinear
processing of complex telecommunication signals. We discuss some recent developments achieved
by our research group, through extensive collaborations with academic partners across Europe,
on optical signal processing using silicon-germanium and amorphous silicon based waveguides
as well as novel materials such as silicon rich silicon nitride and tantalum pentoxide. We review
the performance of four wave mixing wavelength conversion applied on complex signals such as
Differential Phase Shift Keying (DPSK), Quadrature Phase Shift Keying (QPSK), 16-Quadrature
Amplitude Modulation (QAM) and 64-QAM that dramatically enhance the telecom signal spectral
efficiency, paving the way to next generation terabit all-optical networks.
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1. Introduction

Over the last decade, silicon photonics has established itself as a mature technology for
the fabrication of low cost, scalable, optical integrated circuits that can meet the requirements
of future optical networks [1]. Silicon-on-Insulator (SOI) is widely acknowledged as the ideal
fabrication platform for silicon photonic components, providing a Complementary Metal Oxide
Semiconductor (CMOS)-compatible, high-index contrast system. At present, most fundamental signal
processing functionalities on optical networks are still performed in the electrical domain, imposing
successive optical-to-electrical-to-optical conversions across the network, thereby increasing the system
complexity and cost and restricting the maximum bandwidth of the transmitted signals [2]. Nonlinear
optical devices have already shown great potential for either substituting or complementing electronic
processing for the implementation of certain signal processing functionalities, showing no practical
limitations in terms of bandwidth [3]. Thanks to their high refractive index difference (>2) and the
strong third-order nonlinear response of silicon [4,5], SOl waveguides have been widely used to observe
nonlinear optical effects. SOI devices have substantially contributed to the realization of efficient all
optical nonlinear components; a number of fundamental functionalities have been demonstrated in
the SOI nonlinear platform such as all optical wavelength conversion [6-9], optical switching [10,11],
format conversion [12,13], logic operation [14] and high speed all optical modulation [10,15,16].

However, the large nonlinear response in silicon is also accompanied by strong two-photon
absorption (TPA) that causes accumulation of free carriers that induce a very high nonlinear
loss [3]. This effect reduces the optical power that can be beneficially coupled into the waveguide,
and subsequently the achievable nonlinear phase shift is restricted to fractions of 71/2 radians [3],
practically limiting the use of the technology in telecom settings.

Advanced modulation formats, such as multiple (M)-order QAM (Quadrature Amplitude
Modulation), have become key to the design of modern high-capacity optical transport networks [17].
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Integrated optical components that can operate on these modulation formats are required to
enable bandwidth efficient, high speed transmission on a chip level, providing fundamental
optical functionalities such as wavelength routing, wavelength conversion, format conversion, etc.
Such functionalities have already been demonstrated in silicon-based nonlinear devices in recent
years [13,18,19]. However, the devices featured in these works are typically limited by TPA-triggered
processes, therefore they suffer from reduced efficiency that makes them unsuitable for practical
applications. In order to overcome this limitation, alternative materials have been proposed by
the scientific community as AlGaAs [20,21], chalcogenides [22,23], composite glasses [24] and
nonlinear polymers [25]. Even though these materials have shown promise for achieving remarkable
performance, fabrication constraints make their integration with the standard silicon platform difficult,
requiring additional manufacturing steps, which are not desirable in high integration optical platforms.
We have recently investigated two material platforms that can be easily integrated with existing silicon
photonic infrastructures, namely amorphous silicon and silicon germanium. We have demonstrated
wavelength conversion of complex modulation format signals [26-28], phase sensitive regeneration in
integrated devices [29,30] and supercontinuum generation in cm-long waveguides [31]. In this paper,
we provide a comprehensive review of the latest results on the development of silicon-based nonlinear
optical devices for all optical processing of complex modulation formats achieved by our research
group through extensive collaborations with various academic partners namely University of Pavia,
CEA-Leti, University of Athens and the Technological Educational Institute of Athens. The paper
is organized as follows: Section 2 is devoted to the discussion of amorphous silicon based devices,
while Section 3 focuses on silicon germanium devices. Section 4 is dedicated to new CMOS compatible
materials that are currently being studied in our group and can serve as a platform for future efficient
optical nonlinear devices. Finally, conclusions are drawn in Section 5.

2. Amorphous Silicon Waveguides

Amorphous silicon has been identified as possible solution to overcome the main limitations
showed by the SOI platform namely TPA and Free Carrier Absorption (FCA) effects [28,32-34] already
discussed in the previous section. Indeed, amorphous silicon shows enhanced nonlinear performance
with respect to crystalline silicon, exhibiting both an enhanced Kerr response [28,35-37] and a reduced
TPA effect [28,38]. Thanks to these properties, a-Si could be used as nonlinear media at higher
power levels with respect to silicon, allowing to achieve a 7t phase shift, even in cm-long waveguide
structures. However, material stability issues have been reported [38], which compromise the use
of this compound as a nonlinear platform for optical communications. We have recently showed
that CMOS compatible hydrogenated amorphous silicon waveguides can be utilized at both low and
high power level regimes, showing remarkable performance and stable operation [26,28]. Nonlinear
waveguides were fabricated and used to demonstrate low power all optical processing of phase
encoded signals, such as DPSK (Differential Phase Shift Keying) and QPSK (Quadrature Phase Shift
Keying) [26]. In the following sections, we briefly report the optical characteristics of the developed
amorphous silicon waveguides, and show the high speed wavelength conversion experiments using
phase-encoded signals.

2.1. Linear and Nonlinear Optical Characterization

Nonlinear waveguides were fabricated at CEA-Leti laboratories on standard thermal oxide
200 mm wafers and their nonlinear properties were demonstrated in [28] for the first time.
The thickness and width of the waveguides were set to 220 nm and 480 nm respectively. The sample
under test was fabricated starting from a 1.7 pm thick SiO, layer. The a-Si layer was deposited by
means of the Plasma Enhanced Chemical Vapour Deposition (PECVD) technique at a temperature
of 350 °C. A first etching step was used to define grating coupler patterns with an etching depth
of 70 nm. The couplers were designed in such a way to only couple the transverse electric mode
(TE-mode). After deposition of a silica hard mask, a full etch step (etching depth of 220 nm) was
performed to define the waveguide layout. Several straight and serpentine waveguides (with a fixed
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480 x 220 nm cross-section) were obtained with lengths varying from 1 mm to 82.6 mm. Finally,
a protective 500 nm oxide upper cladding was deposited on the top of the waveguides. A schematic
of the waveguide cross-section is shown in Figure 1. Details of the fabrication process can be found
in [26,28].
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Figure 1. Amorphous silicon waveguide cross section. The thickness of the SiO, layer is 1.7 um [28].

The Kerr response of the a-5i waveguides were evaluated by means of continuous wave (CW)
degenerate Four Wave Mixing (FWM) experiments, performed in the C-band wavelength region
using waveguides of various lengths as shown in details in [28]. A CW pump beam and a weaker
CW signal were combined together and sent to the waveguide under test using a vertical coupling
scheme [39]. A typical recorded spectrum, after propagation along the structure under test, is shown
in Figure 2 (inset).
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Figure 2. Normalized FWM (Four Wave Mixing) efficiency as a function of pump-signal detuning.
The waveguide length was 2.26 cm. Inset: Spectrum recorded after propagation along the
waveguide [26,28].

The Rel{y} can be extracted by the measured FWM traces by using the following equation [40]:

Pi(L)/Ps(L)

Re{v} = NPp(0)Leg

@
where L. is the effective nonlinear waveguide length, and 1 accounts for the phase-mismatch
induced by waveguide dispersion. By considering spectra obtained from waveguides of different
lengths, measured at various pump power levels, a Re{y} equal to 800 + 50 (Wm)~! was obtained,
which is three times larger with respect to values commonly measured in channel crystalline silicon
(c-Si) waveguides [41]. The waveguide dispersion was also evaluated by measuring the FWM efficiency
while increasing the pump-signal detuning, as reported in Figure 2. By fitting the curve, a dispersion
coefficient D = —380 ps/(nm-km) was obtained.

TPA and Free Carrier Absorption (FCA) coefficients were determined by means of pulsed
experiments, as described in detail in [28]. TPA and FCA effects occur when the optical power
inside the waveguide is higher than the TPA-threshold, thus triggering the multiple photon absorption
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and FC-related effects. As the dynamic of TPA is fast (~fs) while FC-effects are typically slower (~ps),
their contributions to the overall device absorption can be discriminated by using pulsed and CW
experiments [6]. The Im{y} coefficient was assessed through the use of ultra-short pulses (120 fs pulse
duration at 82.5 MHz repetition rate) and its value calculated starting from the following differential
equation, where P(z) is the pump power and « is the linear loss [42].

%P(z) = —apP(z) — 2|Im(y)|P(z) )

by assuming a hyperbolic-secant pulse temporal-profile, it is possible to derive analytically the
dependence of the average transmitted power, Pr, on the input pulse peak power Py.

~ Lln(\/2|1m(Y)|LeffP0+ \/1+2|Im(Y)|LeffPo)
Pr=e %0 Py (3)
v/ (2[Im(y)|LegtPo) (1 + 2[Im (y) [ Legs Po)

using the waveguide loss «q (estimated to be 4.7 dB/cm) and the pulse peak power that can be
extracted from the experimental data, Im{y} was evaluated by fitting the experimental curve, yielding a
value of 15.5 &= 2 (Wm) .. In order to compare the performance of a-Si waveguides to other nonlinear
material systems, it is useful to employ a figure of merit (FOM) that accounts both for the Kerr response
and the nonlinear losses. This is achieved by the following FOM [42]:

_ 1 Refy}
FOM = i en

(4)

which yields a value of 4.7 for the a-Si waveguides used in this study. This is one order of magnitude
higher than typical values quoted for c-5i nonlinear waveguides [3].

The FCA coefficient (agc) and the carrier dynamics were assessed by performing two different
experiments as described in details in [28]. The pulse propagation in the presence of TPA can be
described by the following equation [42]:

2 12,t) = —[og + areNee (D] I(2, 1) — B1(z, 1) )

dz
where Nc is the number of free carriers per unit volume and 3 the TPA coefficient.
The first experiment, aimed at the evaluation of free carrier recombination time, employed
a pump-probe scheme as described in [28]. Results of this experiment are reported in Figure 3
(left panel). It can be noted that when the peak power of the pump pulses was relatively low
(Pp < 10 dBm in the waveguide), the transmission power of the probe was almost constant in time,
while for Py > 10 dBm depletion of the probe beam was observed in the present of a pump pulse.
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Figure 3. (Left) Free carrier recovering time experimental trace (Py = 10 W); and (Right) example of
the transmission curve used to estimate apc (L = 2.26 cm); black circles are the experimental data,
the red trace is the fitting function and the purple line represents the theoretical curve without TPA
(two-photon absorption) and FCA (Free Carrier Absorption) effects [28].
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This can be attributed to the abrupt rise of Npc induced by TPA and can be described through the
following equation:

d _ BI%(z,t) Ngc(zt)
7NFC(Z/ t) - 2]1(,U0 - T

dt ©)

after the initial power drop, caused by the TPA-excited free-carriers, a two-phase recovery process
can be observed: a very fast process responsible for the initial recovery of about 10% of transmission,
and a second (slower) process yielding a relatively long power-recovery tail. Experimental data can be
fitted by the superposition of two exponential functions with time constants t; < 50 ps (fast recovery)
and 1, = 1.87 ns.

In order to evaluate the additional loss induced by free carriers, a second experiment was carried
out using a single CW beam. In this case, the beam intensity evolution along the waveguide can be

written as [42]:
d

S = —ol(2) ~ BP(2) — are (2 %

®p, p and T parameters were previously determined. The value of apc can then be determined by
experimentally measuring the transmission curve of a waveguide and fitting the data to Equation (7).
This is shown in Figure 3 (right), which indicates a value apc = 0.8 x 10~ ¢cm?. This is only slightly
lower than that measured in c-Si waveguides (apc = 1.1 x 10~ em?) [42].

The overall optical characteristics of the amorphous silicon waveguides are outlined in Table 1.

Table 1. a-S5i waveguide optical characteristics determined in [28].

g (dB/cm) Refy} (Wm)~1 Im{y} (Wm)—! Free Carrier (FC) Recovery Time (ns) agc (cm?)
4.7 800 =+ 50 15542 1.87 0.8 x 10717

a-5i has been studied by numerous research groups in the last ten years. Remarkable results have
been demonstrated in terms of nonlinear optical properties [32,38,43,44] which are in accordance to
what we report in this manuscript. However, the a-Si material microstructure is strongly affected by
the layer deposition parameters used during the fabrication steps, therefore different performing a-Si
alloys can be found in the literature. In Table 2, we show some recent results that have been reported,
mainly in terms of Kerr and TPA response.

Table 2. a-Si materials reported in the literature.

Reference Refy} (Wm)~1 Im{y} (Wm)~1 FOM (Figure Of Merit)
[26] 800 15 4.7
[35] 332 5.43 49
[32] 1200 12.5 7.6
[36] 770 19.6 3.12
[45] 2003 205 0.85

2.2. All Optical Wavelength Conversion of DPSK and QPSK Signals

Benefitting from the nonlinear properties of the a-Si waveguides described is the previous section,
wavelength conversion experiments at 20 Gb/s using either BPSK or QPSK signals were performed.
The experimental set-up used for these experiments was first reported in [26] and is shown in Figure 4.
One-millimeter-long waveguides were used for these experiments. The power of the CW pump inside
the a-Si waveguide (estimated after taking into account the grating coupler losses) was set to 70 mW,
well below the TPA threshold of the waveguide. An optical spectrum recorded at the waveguide
output when a BPSK (Binary Phase Shift Keying) signals was used at its input is shown in Figure 5a.
The measured FWM conversion efficiency was measured to be —26 dB. Constellation diagrams for
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both the original BSPK signal (back to back configuration) and DPSK idler are also shown in the figure.
Figure 5b shows Bit Error Rate (BER) curves measured for the back-to-back (B2B) and the converted
signal revealing that successful wavelength conversion was obtained with only 1 dB of power penalty
ataBER=10"".

TRANSMITTER RECEIVER

Figure 4. Wavelength conversion experiment set-up. TF: Tunable filter. CW: Continuous Wave; TX:
Transmitter [26].
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Figure 5. (a) Output DPSK (Differential Phase Shift Keying) spectra (resolution 0.05 nm) recorded
at the waveguide output. Signal and Idler constellation diagrams are also shown as insets; (b) BER
(Bit Error Rate) measurements for a 20 Gb/s BPSK signal. Input pump power was set to 70 mW [26].

Wavelength conversion experiments using QPSK signals were also carried out. The input signal
was a 10 Gbaud QPSK signal carrying a 20 Gb/s pseudorandom data sequence. Results obtained with
this signal are outlined in Figure 6.

i ®  Signal B2B
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Figure 6. (a) QPSK (Quadrature Phase Shift Keying) B2B (back-to-back) and (b) converted constellation
diagrams; (c) BER results [26].

Figure 6a,b shows constellation diagrams for both the B2B and the converted signal, whereas
Figure 6¢ shows a comparison of the BER values obtained for these two signals. A penalty of 1 dB is
observed at a BER = 10~° demonstrating that the waveguide can be used for the processing of fast,
complex-modulation optical signals.
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In this section, we showed the optical characteristics of the hydrogenated amorphous silicon
platform [28] and briefly reviewed the performance of fabricated waveguides when used as all-optical
wavelength converters for phase-encoded telecommunication signals [26]. Thanks to the absence
of TPA in the C-band wavelength region, these devices can be considered as building blocks for
applications in future all-optical networks. It is also worth noting that similar results, in terms of
conversion efficiency and Optical Signal to Noise Ratio (OSNR) penalty, have been achieved in other
platforms, such as crystalline silicon [18,46], AlGaAs on SOI [47] or in semiconductor optical amplifiers
(SOA)-based devices [48]. Please refer to Table 5 for a more detailed comparison between other
nonlinear platforms and the a-Si pretended in here.

3. Silicon Germanium Waveguides and Nonlinear Applications

Silicon germanium has emerged as an attractive platform for implementing both micro-
and opto-electronic devices thanks to the potential it offers for bandgap and lattice parameter
engineering [49]. Multiple SiGe device demonstrations have already been reported such as
modulators [50], light emitters [51] and photodetectors [52,53]. Furthermore, SiGe also offers the
potential for implementing efficient nonlinear applications in the midwave and longwave infrared due
to the stronger nonlinearities it possessed as compared to pure Si [31,54].

Until recently, the absorptive properties of Ge at the near-infrared region have restricted
the applicability of the SiGe platform at this wavelength regime to mostly detection applications.
However, it has been recently demonstrated that through an appropriate design one can engineer
SiGe devices that exhibit excellent optical properties for nonlinear applications at telecommunication
wavelengths [55]. The percentage of Ge concentration is found to impact a host of optical characteristics
of the SiGe device, such as linear and nonlinear loss, nonlinearity, dispersion and modal properties.
As such, the SiGe platform offers a unique versatility and a strong potential for realizing a wide range
of efficient all-optical signal processing applications at the near-infrared, particularly those that require
strict phase matching conditions.

In this section, we review the main optical properties of the Si;_,Gey alloy as well as the results
of wavelength conversion of 16-QAM and 64-QAM signals.

3.1. Linear and Nonlinear Optical Characterization

Below we summarize the optical properties of SiGe waveguides for different Ge concentrations
and waveguide widths at telecommunication wavelengths (A = 1530-1580 nm). The impact of these
two parameters on the linear and nonlinear loss and Kerr nonlinearity were studied and presented
in detail in [55]. The waveguides studied were strip-waveguides encapsulated in a 12 pm top
silicon cladding layer and fabricated by means of the Reduce Pressure Chemical Vapour Deposition
(RP-CVD) technique.

3.1.1. Linear Loss

SiGe waveguides with a fixed waveguide height of 1.4 pm and widths varying between
0.3-2 um and Ge concentrations between 10%—-30% were characterized in terms of linear loss using
the Fabry-Pérot (FP) resonances technique [56]. Table 3 presents a summary of the measurement
results. For a fixed waveguide width, the increase in Ge concentration strongly increases the absorption
loss. However, it is noted that waveguides with low Ge concentration (x = 0.1) and small widths
(<£1.0 um) also exhibit very high losses. This is due to the small confinement factors of these
waveguides, which justifies the high loss figures reported. A full discussion of the loss trends along
with a numerical analysis of the confinement factors and effective mode areas of the waveguides
studied is presented in [55].

Table 3. Linear loss figures for Si;_,Ge, waveguides with varying widths and Ge concentration (x) [55].

Ge Concentration/

Waveguide Width 0.3 pm 0.6 pm 0.8 pm 1 pm 1.5 pym 2 pm
x=0.1 High loss (> 5 dB/cm) 4.75dB/cm 0.43 dB/cm 0.65 dB/cm
x=02 3.90 dB/cm 2.38 dB/cm 2.38 dB/cm 1.40 dB/cm 1.52dB/cm 2.60 dB/cm

x=0.3 3.47 dB/cm 4.56 dB/cm 477 dB/cm 5.21dB/cm 4.77 dB/cm 4.34 dB/cm
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3.1.2. Kerr Nonlinearity

The same group of waveguides was characterized in terms of nonlinearity using the CW-FWM
method [42]. The results are summarized in Figure 7. As expected, the nonlinearity (Re{y}) increases
with Ge concentrations (because of the increased optical mode confinement, i.e., reduced Aeg).
Furthermore, waveguides with smaller width exhibit larger values of Re{y} up to a width (typically
between 0.6 um and 0.8 um) where the mode can no longer be confined in the waveguide and the
trend is reversed. The figure also shows a good agreement between the experimental measurements of
Re{y} and those predicted by simulations [55].
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Figure 7. A comparison of experimental and numerical results of the nonlinear coefficient measurement
as a function of the waveguide width for varying Ge concentration [55].

3.1.3. Two-Photon Absorption

A TPA coefficient measurement for a waveguide of width of 2 um and varying Ge concentration
was carried out using the inverse transmission method [25], as shown for the first time in [55]. Figure 8
shows the inverse transmission (ratio of input to output power) as a function of the input peak power
for the three different Ge concentrations and for a waveguide width of 2 um. A clear increase in TPA
is observed when the Ge concentration increases. By adopting a linear fit to these measurements [6],
the TPA coefficient values were found to be 1.16 cm/GW, 1.24 cm/GW and 1.5 cn/GW for an
increasing Ge concentration from 10% to 30%. A comparative theoretical and experimental discussion
of TPA properties in SiGe waveguides is presented in detail in [55]. By combining the obtained
values for both the Ref{y} (Section 3.1.2) and Im{y} (this section) it is possible to calculate the FOM
(as defined in Equation (4)) for the three different Ge concentrations, obtaining 0.53, 0.43 and 0.58
for Ge concentration of 10%, 20% and 30%, respectively. Even though they are not as high as in the
case of amorphous silicon, these values are slightly higher than what reported for crystalline silicon
waveguides [3].
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Figure 8. A plot of the inverse transmission vs. coupled input peak power measurement for a
waveguide of 2 pm width and varying Ge concentrations [55].
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Refy}, Im{y} and FOM values are reported in the following Table 4 for three selected SiGe
waveguide configurations [55].

Table 4. Nonlinear parameters for three selected SiGe waveguides.

Refy} (Wm)~1 Im{y} (Wm)—1 FOM
W =1000 nm, Ge (10%) 16 0.76 1.67
W =1000 nm, Ge (20%) 25 1.16 1.71
W =1000 nm, Ge (30%) 35 1.98 1.40

3.2. Wavelength Conversion of 16-QAM and 64-QAM Signals:

The performance of SiGe waveguides as nonlinear processors for telecommunication signals was
tested in wavelength conversion experiments. These demonstrations (detailed in [57]) used 10 Gbaud
16- and 64-QAM signals and were conducted in the 1550 nm wavelength region. The SiGe device used
featured a strip air-clad structure with a 0.6 pm width and a 1.6 pm height and whose fabrication
process was similar to that described in [31,55].

The experimental setup used for the wavelength converter is similar to that implemented for the
DSPK and QPSK wavelength conversion in the amorphous silicon waveguide (Section 2.2, Figure 4).
Figure 9a depicts a typical optical spectrum obtained at the output of the waveguide after converting a
10-Gbaud 16-QAM signal. As can be seen, an idler with a large OSNR exceeding 36-dB was generated
with a conversion efficiency of —9.7 dB. Furthermore, a uniform FWM CE exhibiting less than 0.5 dB
variation was observed in the signal detuning range between 1548.39 nm and 1564 nm (Figure 9b).
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| o 05
=
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g I O 0.0 1 B 2 =
Z - — 9.7dB § * e, 0em
= Signal | =05 . Ak
& f o
o ) \ \ @
H | \idler % 1.0
o \ ‘ \ =
i “J 2151
— v ’
2.0 v :
0 5 10 15
1557.0 1557.5 1558.0 1558.5 Pump-signal detuning (nm)
Wavelength (nm)
(a) (b)

Figure 9. (a) Output optical spectrum of the wavelength converter; and (b) normalized FWM
conversion efficiency (dB) as a function of pump-signal detuning (nm).

Figure 10a shows the constellation diagrams and BER curves assessed before and after the
wavelength conversion process for both the 16-QAM (Figure 10a) and 64-QAM signals (Figure 10b).
The 16-QAM measurements showed an almost identical rms error vector magnitude (EVM) between
the B2B signal (8.6%) and the idler (8.7%). Furthermore, a negligible BER penalty of less than 0.3 dB at
a BER of 1073 was obtained.

For the 64-QAM case, a similar performance level was achieved. The rms EVM figures of both the
B2B and the idler were similar, with 15.5% measured for the B2B and 15.8% for the idler. Furthermore,
the two BER curves are similar with an error floor developing on the converted signal at high values
of received power (note that the BER of the 64-QAM signal (5.9 x 1072) was limited by the bandwidth
(9.6 GHz at —20 dB) and effective number of bits of our Arbitrary Waveform Generator (AWG).
Both sets of results in Figure 10 demonstrate that the wavelength converter results in almost no
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loss in quality in the converted signal (idler) in comparison to the original B2B signal and highlight
the potential of the SiGe platform in implementing a wide range of state-of-art all-optical signal
processing applications.

Converted signal

N

-log(BER)

B2B e B2B

o Converted signal 2. e Converted Signal
54 52 80 4B_ -46 44 42 40 “48 46 44 42 40 -38 36 -34 -32
Received Power (dBm) Received Power (dBm)

(a) (b)

Figure 10. BER curves and constellation diagrams for the: 16-QAM (Quadrature Amplitude Modulation)
(a); and 64-QAM (b), before and after the wavelength conversion process.

In Table 5, we compare both a-Si and SiGe wavelength converters and their key performance
against other similar devices already presented in the literature, showing conversion of complex,
phase encoded telecom signals:

Table 5. Integrated wavelength converter technology comparison.

. . Conversion 3 dB Conversion 1 CMOS*
Device Signal Type Efficiency (dB) Bandwidth (nm) OSNR ' Penalty Compatible
a-Si (this work 1 - ~
reported in [26]) 10 Gbaud DPSK 26 dB 25 nm <1dB Yes
Si-Ge (this work 1 -~ ~
reported in [57]) 10 Gbaud 64 QAM 9.7dB 30 nm <1dB Yes
c-Si [18] 28 Gbaud 16 QAM —17.5dB ~30 nm 4dBatBER!=10"° Yes
AlGaAs on SOI [47] 10 Gbaud 256 QAM —13dB ~28 nm 2.5dB No
Hydex [58] 10 Gbaud 16 QAM —40dB ~10 nm 0.5dB Yes

1 OSNR: Optical Signal to Noise Ratio; CMOS: Complementary Metal Oxide Semiconductor; DPSK: Differential
Phase Shift Keying; QAM: Quadrature Amplitude Modulation; BER: Bit Error Rate.

Crystalline silicon has been widely used to realize all optical wavelength converters as shown for
example in [7,46]. In Table 5, we only report the most advanced result (in terms of signal complexity),
showing the wavelength conversion of a 112 Gb/s 16 QAM signal. Although the efficiency of these
devices can be improved, we believe that their main limitation is represented by the combination of TPA
and FC’s effects, which limit the maximum pump power that can be injected in the waveguide, thus
reducing the achievable conversion efficiency. A biased waveguide can be used to mitigate the impact
of FCA as shown in [19], however this approach requires additional fabrication steps that might be not
desirable. Impressive results have been recently shown by using AlGaAs waveguides [47], however
this platform is not CMOS compatible and may require high temperature fabrication steps [20,21]
to reduce the propagation losses. Hydex offers both relatively high nonlinearity and extremely low
loss at the telecom wavelength region [24], however very long waveguides are typically required to
obtain the desired conversion efficiency ( of the order of meters). Both a-Si and SiGe platforms offer
remarkable nonlinear performance as shown in this manuscript, also offering the additional flexibility
to tune the linear and nonlinear optical properties of the platform by changing the material deposition
parameters. We believe that the two proposed platforms (a-Si and SiGe) are now sufficiently mature,
facilitating the realization of reliable and efficient devices for the future all optical settings.
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3.3. Low Birefringence SiGe Waveguides

The impact of Ge concentration on a host of optical properties means an additional flexibility
in creating nonlinear photonic devices with specific phase matching and/or modal characteristics.
One specific example that this versatility facilitates is the ease of realizing low-birefringence
nonlinear waveguides.

Low birefringence behavior, characterized by the presence of a significant Transverse Electric
(TE)/Transverse Magnetic (TM) modal symmetry, is a crucial requirement in many signal processing
applications that utilize vector parametric processes such as polarization-insensitive wavelength
conversion. It was shown, that a strong TE/TM mode similarity across a broad wavelength range as
well as a large nonlinear coefficient can be achieved in SiGe devices through multiple device designs
and structural geometries [27,30,54,55]. In particular, it was found that a buried device structure
(i.e., encapsulating the waveguide in a Si layer) allows a simple and effective route towards combining
low loss, high nonlinearity and low birefringence behavior.

Figure 11 shows the calculated dispersion curves as well as the nonlinear coefficient of the
two polarization axes of a 1 um SipgGe(; buried waveguide around the 1.55 pm region where the
two polarization modes were predicted to exhibit very similar dispersion and nonlinearity across
the 1.40-1.70 pm band [30,55]. There properties were exploited to demonstrate the first single-pass
polarization-insensitive wavelength converter in a silicon-based device [27], achieving a polarization
dependent loss (PDL) of 0.42 dB only. Furthermore, these SiGe devices were utilized to demonstrate
the first passive and CW-pumped polarization-assisted (PA) phase sensitive amplifier (PSA) in a
silicon-based waveguide exhibiting a record phase sensitive extinction ratio (PSER) of 28.6 dB for a low
input pump power [29,30]. These demonstrations highlight the versatility of the SiGe platform and
its emergence as a competitive technology and a promising candidate for a wide range of all-optical
signal processing applications. Please refer to Ref. [27] for a more detailed description of the device
shown in Figure 11 and the capabilities of such designed devices.
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Figure 11. Dispersion and nonlinear coefficient curves for the structure under investigation as a
function of wavelength. Inset: Scanning Electron Microscope (SEM) image of the 1 um wide SiGe strip
waveguide before and after encapsulation in a 12 um Si cladding layer [27].

4. Novel Materials for All Optical Processing Nonlinear Devices

In this section, we review some alternative materials that have emerged recently as promising
candidates for the implementation of nonlinear processing devices.

4.1. Engineered Silicon Rich Silicon Nitride

Silicon nitride has become a material of great interest in the field of nonlinear optics in recent
years [59-62]. A variety of nonlinear applications have already been demonstrated, such as wavelength
conversion [60], supercontinuum generation [59] and harmonic generation [63]. Silicon nitride is a
CMOS compatible composite that can be deposited on a SiO; layer, providing a suitable alternative
to c-Si. Thanks to its optical properties, by carefully controlling the material fabrication conditions,
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very low loss waveguides can be obtained. Furthermore, no TPA is observed in the C-band wavelength
region, making this platform suitable for both low and high power applications. However, the use of
this platform as a nonlinear tool is still hindered by fabrication difficulties that prevent the possibility
of growing thick SiN layers on SiO; (>200 nm) [24], thus drastically reducing the ability of confine
light tightly within the core material, and in turn limiting the overall nonlinear response of the device.
Moreover, the silicon nitride Kerr coefficient is substantially lower than that in silicon [64] (two orders
of magnitude lower), further reducing the strength of the nonlinear effects. Recently, a number of
research groups have proposed the use of silicon-enriched silicon nitride compounds, aiming to
increase the device nonlinear response [59,65-68]. This direction, however, introduces additional
losses in the waveguides [66,68], that may compromise their suitability for practical applications.
We have recently studied systematically the impact of introducing silicon within a silicon nitride
matrix using only CMOS Back End Of Line (BEOL) fabrication processes, on both linear and nonlinear
optical properties [68,69]. We outline here the most important outcomes of this study, demonstrating
that by carefully selecting the fabrication conditions a TPA free, low loss, highly nonlinear waveguide
configuration can be obtained, overcoming most of the issues imposed by the introduction of silicon
when designing a nonlinear device.

In order to evaluate the effect of enriching silicon nitride with silicon, three different material
compositions were developed and deposited on thermal SiO, wafers. The wafer composition is
schematically shown in Figure 12.

Si,N, layer

Si0, BOX

Silicon Substrate

Figure 12. Schematic representation of wafer compositions.

The resulting refractive indices of the three fabricated wafers (identified as Wafer_01, Wafer_02
and Wafer_03 hereafter) are shown in Table 6. Various test structures (including straight waveguides
of different lengths and widths) were defined onto the wafers by using a standard dry etch technique.
In order to evaluate the linear and nonlinear properties of the fabricated waveguides as a function of
the introduced silicon excess, three different parameters were considered: (1) waveguide linear loss o;
(2) Kerr response coefficient Re{y}; and (3) TPA coefficient Im{y}, all evaluated across the whole C-band
wavelength region. The waveguide linear losses were evaluated by using a standard cutback technique.
The optical transmission of waveguides of varying lengths was evaluated, providing the « coefficient
for each width configuration. Re{y} and Im{y} were both evaluated utilizing techniques shown in
Section 2, by using CW-FWM and pulsed transmission experiments, respectively. The obtained results
for a representative waveguide (Width = 1000 nm, Height = 300 nm) are shown in Table 6.

Table 6. Extracted optical characteristics for different silicon-rich silicon nitride material compositions.

Material Refractive Index o (dB/cm) Re{y} (Wm)~1 Im{y} (Wm)—!
Wafer_01 2.01 1.38 1.54 Negligible
Wafer_02 2.49 15 16 Negligible
Wafer_03 2.79 5.5 28 2.58

It is clear from Table 6 that higher linear losses were observed when the silicon content contained
in the compound was increased; it is noted however, a modest increase was observed in Wafer_02,
while a significantly higher value was measured for Wafer_03. On the other hand, like Wafer_01,
the composition of which is very close to stoichiometric SisNy4, Wafer_02 still did not show any
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TPA-related effects, exhibiting an enhanced Kerr response at the same time. By combining this
information, we can conclude that there are material compositions that offer a good trade-off
between linear loss and nonlinear response, and provide TPA-free waveguides that can be used
as nonlinear processor units at communication wavelengths [68,69]. The Kerr response of Wafer_02
waveguides (Re{y}= 16 (Wm)~1!) is similar to what previously reported for SiGe waveguides [55],
but the lower linear loss (~1.5 dB/cm) and the absence of TPA represent a clear advantage over the SiGe
technology, allowing for high power, low loss, nonlinear applications. Both amorphous silicon [28,32]
and crystalline silicon [18] show higher Kerr response with respect to our Si rich silicon nitride material
(an order of magnitude higher); however TPA and FCA effects are still present and hinder the high
power operation on these devices.

4.2. CMOS Compatible Tantalum Pentoxide Waveguides for Nonlinear Optical Processing

Tantalum pentoxide (TapOs) is a CMOS compatible material that has been studied in the past
for its nonlinear applications at 980 nm and has only very recently been considered as a possible
alternative for telecom-wavelength applications. Thanks to its extremely large band-gap value (3.8 eV),
no TPA effect is present at the 1550 nm wavelength region, making this material an ideal candidate
for nonlinear optical processes in waveguides integrated on a SOI substrate [70-72]. Here, we briefly
review the nonlinear optical properties of low loss Yb:TayOs rib waveguides integrated on the top of a
SiO; layer reported for the first time in [71].

Nominally 1 um thick Yb:Ta;Os films were deposited by RF magnetron sputter deposition
from a powder-pressed Ta,Os target doped with 2.5 wt. % of ytterbium oxide onto a four inch silicon
substrate with a 2.5 um thick thermally-grown silica layer. Waveguides were defined by using standard
photolithography and Ion Beam Milling (IBM). Strips of photoresist of widths varying from 1 um
to 10 um in steps of 0.2 um were defined in positive photoresist spun onto the deposited Yb:TayOs
film. Etching was then performed using an ion beam etch and deposition system. To reduce any
stresses and oxygen deficiency introduced during the sputtering and etching processes, the wafer was
then annealed for two hours at 600 °C. Additional details on the fabrication process can be found
in [70,71,73]. A schematic representation and a SEM image of a fabricated waveguide are shown in
Figure 13. Through CW-FWM experiments, the nonlinear parameter Re{y} was evaluated and by
using the simulated effective area we extracted the nonlinear refractive index was determined to be
equal to 6.65 x 1078 m2/W, which is of the same order of magnitude as in silicon. Propagation
losses of the waveguide were also measured to be 0.19 dB/cm. It is also worth noting that no
TPA and FCA effects were observed in the 1550-nm region, even at relatively high power operation
(peak power >20 W), suggesting that this material can be operated at both low and high power levels.
In order to test the material stability, transmission experiments with a CW light beam (kept at a
constant power level of 2.5 W) were carried out revealing no material degradation even after >8 h
of continuous light feeding. No damage was observed during these measurements, confirming that
TayOs can be an ideal alternative for applications requiring high power operation.

Importantly, it has been shown that Ta,Os can be used as a host material for many dopants
and can therefore be used as a gain material for laser applications [73]. The implications of this
for silicon photonics can be significant, since the integration of Ta;Os on the silicon platform could
introduce several functionalities that are vital for the development of fully operational, multifunctional,
optical transceivers for next generation optical communications.
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Figure 13. Cross section of the Ta,O5 RIB waveguide; and (inset) SEM image of the fabricated final
device covered by 1.6 um of SiO, (width =5 pum) [71].

5. Conclusions

In this paper, we have reviewed some recent developments on compact nonlinear devices for all
optical signal processing. We have shown results achieved using different integrated optics platforms,
and focused mainly on those achieved in amorphous silicon and silicon germanium. We have shown
wavelength conversion of complex modulation signals, such as 16-QAM and 64-QAM, demonstrating
that both amorphous silicon and silicon germanium platforms are now sufficiently mature to provide
a reliable fabrication platform for the development of practical devices for future communication
networks based on advanced modulation formats.

Amorphous silicon exhibits a very high nonlinear Kerr parameter (Re{y} ~800 (Wm)~1) with a
reduced TPA effect with respect to c-Si devices, at telecom wavelengths. On the other hand, linear loss
are still relatively high, making this platform not suitable for the realization of long waveguides
(>1 cm). The silicon germanium technology offers a unique platform that is suitable for the
development of nonlinear devices at both communications and mid-IR wavelengths. Furthermore,
the possibility to control the refractive index profile by engineering the Ge concentration in the SiGe
alloy allows obtaining a very high refractive index contrast (>2.5) between the waveguide core (SiGe)
and the cladding (SiO; or air), greatly enhancing the waveguide Kerr response. TPA is also higher in
SiGe waveguides with respect to c-Si and a-Si waveguides, however it has been demonstrated that
nonlinear optical processing can be performed in these structures by using pump power levels that are
still below the TPA-threshold at the communication wavelength region.

In the final section, we have reviewed work towards the development of novel materials that
can provide enhanced performance with respect to pure silicon, along with a full CMOS-BEOL
compatibility that can facilitate integration with existing silicon photonics components. In this
context, silicon-rich silicon nitride and tantalum pentoxide are both seen as promising platforms,
showing enhanced nonlinear response along with a complete absence of TPA effects at the telecom
wavelength region.
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