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Abstract: We describe a concept for second-order nonlinear optical
processes in silicon photonics. A silicon-organic hybrid (SOH) double slot
waveguide is dispersion-engineered for mode phase-matching (MPM). The
proposed waveguide enables highly efficient nonlinear processes in the
mid-IR range. With a cladding nonlinearity of »** =230 pm/V and 20 dBm
pump power at a CW wavelength of 1550 nm, we predict a gain of 14.7
dB/cm for a 3100 nm signal. The suggested structure enables for the first
time efficient second-order nonlinear optical mixing in silicon photonics
with standard technology.
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1. Introduction

Second-order nonlinear processes, like sum- and difference-frequency generation,
spontaneous down-conversion and optical parametric amplification [1], are essential for a
number of applications, ranging from spectroscopy, free-space communication, biochemical
sensing, medical therapy [2], ultra-fast optical signal processing [3], lowest-noise optical
amplification [4], and quantum physics [5]. Since at least one of the frequencies involved in a
three-wave mixing process is necessarily well separated from the others, second-order
processes represent additionally an excellent candidate for generating mid-IR and far-IR
wavelengths [6].

Efficient nonlinear conversions require materials with strong nonlinearities, high-optical
intensities and phase-matching between the waves involved [1]. So far, second-order
nonlinear waveguides have been made of polymers, GaAs, InP, and LiNbO; [7], and phase-
matching has successfully been achieved by birefringence, intermodal dispersion, or quasi-
phase-matching. These materials often require specialized process technologies which are not
applicable for mass production. Further, the relatively small index contrasts which can be
achieved limit the modal confinement in waveguides. Conversion efficiencies are hence
small and optical output powers in the uW range are considered high [7].

Silicon photonics, on the other hand, is based on a widely available technology, and
allows fabricating high-index contrast waveguides for obtaining the required intensities with
low optical powers. The vision of creating mid-IR applications using the inexpensive silicon-
photonics platform [8] has already led to a number of publications in the following topics:
Silicon waveguides pumped below the two-photon absorption (TPA) edge with powers as
high as 33.5 W (45 dBm) [9], low-loss propagation in the 2-6 um wavelength range [10, 11],
light generation at 2.4 um with standard telecom sources [12], high-Q SOI photonic crystal
cavities at 4.4 um [13], Raman amplification at 3.39 pm [14], and extensive simulations for
single-mode operation and polarization-independent operation in SOI rib waveguides in the
mid-IR region [15].

However, unstrained crystalline silicon is centro-symmetric, and its second-order
nonlinearity is vanishing [16]. As a consequence, mid-IR generation in unstrained silicon
waveguides has to rely on the third-order nonlinearity [9], taking advantage of the “built-in”
strong Kerr nonlinearity of crystalline [17] or amorphous silicon [18]. This, in turn, results in
high pump power requirements.
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Nonlinear
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Si substrate

Fig. 1. Silicon organic-hybrid (SOH) double slot waveguide for second-order nonlinear
applications. The waveguide consists of three silicon strips on a glass substrate, it is
multimode and dimensioned such that modal phase-matching is achieved. The waveguide is
covered by a nonlinear cladding, which is poled during fabrication by applying the voltages —
V and + V to the outermost strips while the central strip is grounded. As a result the nonlinear
second-order susceptibility is high only inside the slots.

In silicon photonics, first attempts of second-harmonic generation are based on strained
waveguides, but despite nanosecond peak pump powers as high as 0.7 W, the output peak
powers are limited to only 40 nW [19]. The small efficiency is due to a non-phase-matched
design. A method for achieving quasi-phase-matching (QPM) in periodically strained silicon
has already been proposed [20], however large mode sizes and small nonlinearities lead to
normalized conversion efficiencies smaller than 1% W 'cm ™. More recently, a method of
achieving phase-matching based on birefringence in strained silicon waveguides has been
proposed [21], but the efficiency of the device relies on nonlinearities which have not been
shown so far in waveguides of the proposed size [22]. Finally, the potential high efficiencies
of SOH second-order nonlinear waveguides have already been discussed [23], but
unfortunately no waveguide design has been proposed so far.

In this paper we propose for the first time a second-order nonlinear silicon-organic hybrid
(SOH) waveguide [24] based on standard silicon-on-insulator (SOI) technology. The device
is suited for efficient mid-IR generation and amplification, Fig. 1. We predict optical pump
powers that are orders of magnitude smaller than for Kerr-nonlinear devices. The
nonlinearity is provided by a specially engineered nonlinear organic cladding [25, 26], and a
novel double slot geometry enables both strong interaction with the nonlinear material and
phase-matching. We confirm the viability of our concept by extensive numerical simulations
and give design guidelines for covering a broad wavelength range.

This paper is structured as follows: In Section 2 we describe the structure of the proposed
device. In Section 3 the phase-matching condition is investigated in detail. In Section 4 the
conversion efficiency is calculated and the required optical powers are discussed. In
Appendix A, we present a mode-converter for exciting the required modes. In Appendix B
we compare the optical electric field strengths needed for generating a given nonlinear
polarization. We show that the required pump field is orders of magnitude smaller for
second-order than for third-order nonlinearities.
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Fig. 2. Transverse electric fields for pump mode and signal/idler mode. (a) Quasi-TE4 pump
mode at 4 = 1500 nm. Light is strongly confined to the two slots where the nonlinear
interaction takes place. (b) Dominant horizontal electric field component Ex of TE4 mode at
half the strip waveguide height. (c) Fundamental quasi-TEy mode at A = 3100 nm for signal
and idler. Also in this case, light is strongly confined to the two slots. (d) Dominant horizontal
electric field component E of the fundamental TE, mode at half the strip waveguide height.

2. The device concept

A sketch of the proposed second-order nonlinear device is displayed in Fig. 1. It consists of
three parallel silicon strips (double slot waveguide) realized on a standard silicon-on-
insulator (SOI) wafer having an oxide thickness of 2 um and a device layer of 220 nm. The
waveguide is spin coated with polymer-dispersed nonlinear chromophores [27], which have a
high ®-nonlinearity only inside the two slots. This can be experimentally achieved by
poling [28] the material at its glass transition temperature, and by applying two voltages as
shown in Fig. 1.

For definitiveness, we will describe a device for difference-frequency generation (DFG)
with a pump wavelength of 1.5 pm, a signal wavelength of 2.9 um and an idler wavelength
close to 3.1 um. Signal and idler propagate in a mode different from the mode in which the
pump light is guided. The concept, however, is more general and may be applied to other
spectral ranges as will be outlined below.

The waveguide is dimensioned such that modal phase-matching (MPM) is achieved [7]
between the quasi-TE,, mode for the pump (four nodes in the horizontal direction, zero
nodes in the vertical direction) and the fundamental quasi-TEq, mode for signal and idler; the
corresponding mode profiles are shown in Fig. 2. These modes can be excited efficiently
with mode converters described in Appendix A. We did not find any combination of (the first
six) modes which could satisfy MPM in waveguides with a single slot, and the solution
presented here is the one with the lowest mode-order that we could find in double slot
waveguides. Finally, it is worth noticing that dispersion engineering in double slot
waveguides has already been exploited in the context of third-order nonlinear processes [29].

3. Phase-matching

The frequencies at which MPM is achieved depend on the dispersion of the (quasi-)
TEo and the (quasi-)TE4 modes. As an example, we will now consider a waveguide
dimensioned as follows: Width of the outermost strips 580 nm, slot width 200 nm, width of
the central strip 800 nm; these values are well within the capabilities of current silicon-
photonic foundries. The dispersion diagram of the TEg, and the TE,, modes is shown in the
frequency range from 50 THz to 250 THz (wavelength range from 6 pum to 1.2 pum), Fig. 3
(a). Material dispersion for modeling the refractive index of the thermal oxide beneath the
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silicon waveguide is taken from [30], while the corresponding data for crystalline silicon are
from [31]. The corresponding curves are also shown in Fig. 3(a).

(a) Wavelength [um] (b) Signal wavelength [um]
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Fig. 3. Mode dispersion and phase-matching conditions for a typical waveguide. (a) Effective
index ner for TE and TE4 TE-modes are plotted vs. frequency (bottom axis) or wavelength
(top axis). The refractive indices of silicon and of silicon dioxide used in the simulation are
also plotted. (b) Signal and idler frequencies for energy and momentum conservation. The
straight line describes energy conservation while he curved line represents the condition for
momentum conservation according to Eq. (1). Geometry considered in this example: Side-
strip/slot/central-strip widths are 580/200/800 nm. In order to take into account the material
dispersion of the nonlinear polymer cladding, a refractive index of 1.58 was assumed for
calculating the signal and idler mode, while a refractive index of 1.68 was assumed for the
pump mode.

In Fig. 3(b) we analyze the conditions for MPM, based on the data of Fig. 3(a). The
straight black line represents the dependence of idler frequency on signal frequency which
have to sum up to the pump frequency (in this example 200 THz, energy conservation), and
the curved line represents the points where phase-matching is achieved (momentum
conservation) [1],

ho, +he, =ho,,

nk,+hk, =hk,, k, , =n

P.Si, eff, p.s.i wp,s,i

/e, 1)

where c is the speed of light, k is the wavevector component along the waveguide direction,
o is the angular frequency and s, i, p stand for signal, idler and pump respectively. The
intersections of the two curves determine the operating points of the device, i. e., they fix
signal and idler frequencies.

As can be seen from Fig. 3(b), a pump frequency of 200 THz yields operating points with
signal and idler frequencies at about 115 THz and 85 THz.

Choosing a different pump frequency will result in other operating points that strongly
depend on the particular dispersion of the waveguide. This information is represented in Fig.
4. The three curves stand for three different waveguide geometries which can be chosen by
the user according to the desired pump and signal wavelengths. The cyan regions show the
frequencies for which the coherent buildup length L., = 2 / (k, + k; —k;,) [1] is equal or larger
than 1 cm. A wavelength detuning of 50 nm or more from the ideal therefore still allows a
coherent buildup of the converted wave, showing that the wavelength tuning requirements
are very relaxed. From Fig. 4 it can also be deduced that the required fabrication tolerances
are in the 10 nm range, i. e. within the capabilities of today’s silicon photonics foundries.
Additionally, the strip and slot size are relatively large [28], meaning that the waveguide can
be fabricated by means of standard 193 nm DUV lithography [32]. The full fabrication of the
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device consists therefore in creating the passive structures in a CMOS fab followed by a
post-processing spin coating and poling of the nonlinear material.

Pump wavelength [um]

2 17 16 15 14 13 12
N ! €
e Side-strip width = 520 nm =
E 200 15 <
3 580 nm 'gv
§ 650 Nm ~_ %
5 150 12 §
g 3
] k]
= 100} o
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g 0 s
C -y
S 50t =)
w L L w
150 176 200 230 250

Pump frequency [THz]

Fig. 4. Signal and idler frequencies vs. pump frequency for three different geometries. The
black curves specify for a given pump frequency the signal and idler frequencies which satisfy
the energy conservation and the phase-matching condition Eq. (1). The cyan-colored regions

indicate the frequency space where the coherent buildup length Lo, = 2 / (ks + ki —[k,) [1]is
equal to 1 cm or longer. The three different curves represent waveguides where the side-strip
width is set to 520 nm, 580 nm and 650 nm. The central-strip width is 800 nm and the slot
width is 200 nm in all the three cases. For a side-strip width of e.g. 580 nm and a pump
wavelength of 1.5 um (200 THz), signal and idler wavelengths of 2.6 um and 3.5 pm would
result (square symbols).

4. Power levels and conversion efficiencies

In this section we analyze numerically the performance of the proposed waveguide and show
that small optical power levels can lead to significant optical output power or optical gain. To
this end, we consider here again the case of difference-frequency generation (DFG); a similar
analysis can be applied to any other three-wave mixing process.

We define the nth complex electric field component (n = 1, 2, 3) in a Cartesian coordinate
(x, y, 2)- system by separating a dimensionless amplitude A(w) from the modal field

E(w,x,y) . A propagator describes the wave propagation of a monochromatic wave with

angular frequency o and propagation constant k along the z-direction,
E, (x,y,z.1)=A(@,2)E (w,x,y)e™ ™ +cc. 2)

In Eq. (2), cc stands for the complex conjugate of the foregoing expression, and the mode
normalization is chosen such that the time-averaged power transported by the
electromagnetic wave in Eq. (2) is equal to | mW when the dimensionless coefficient A(w) is
equal to one.

In the slowly-varying amplitude approximation it can be shown [1, 33] that the idler and
signal amplitudes satisfy the following coupled differential equations (propagation loss as
well as pump depletion are neglected, A(@,, z) = const; spatial dependency omitted)

PAD) iy Aw,)A" (@) ©
0z

M :i/yA (wp )A*(wr )’ (4)
0z

where we find for the second-order field interaction factor (using Einstein’s summation
convention and dropping the spatial coordinates for simplicity)
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where &' represents a forward (back) propagating mode.

The solution of the coupled Egs. (5) and (6) for the case of zero idler at z = 0, A(@w, z=0)
=0, is given by

A(o,,z)=A(®,,z =0)cosh(kz) > 1A (w,,z =0)e™ for z - @)

. \F Aw,)
Alw, ,z)=1|~—7——A (a) z =0)sinh(xz) ®)
7 A,
where
k=1A@,)(y,7)" )

determines the optical (amplitude) gain. A convenient and common quantity [7] for

representing the device performance is the normalized conversion efficiency, which is
defined by

n=limP, (z)/(P, (P, (0)z°)=y,7, mW (10)

where P, ,(z) is the power of the different lightwaves at position z.

For the sake of illustration, we now estimate the nonlinear susceptibility for the organic
material M1 which we already used in SOH modulators [28]. This material consists of
chromophores dispersed in a polymer matrix, is commercially available at GigOptix [27, 28]
and shows an electro-optic coefficient of r;3 = 70 pm/V at the wavelength of 1550 nm.
Nonlinear polymers can efficiently be poled in silicon slot waveguides [28] and have reached
very high stability, as it has been recently certified by Telcordia [34]. Unfortunately however,
for the frequencies involved, no data are available for the nonlinear susceptibility y..( @, @,
@,) of the material M1. We adopt therefore the approximation |y, = 6,01,,01, 1t 1ryl/2
[25], which leads for n = 1.6 to |yl = 230 pm/V. Assuming further that the nonlinear
susceptibility is non-zero only inside the slot, we evaluate numerically the integrals Eq. (5),
(6) for the geometry considered in Fig. 3, and find

v, =y, =16.9 m™, (11
which correspond to an impressive normalized conversion efficiency

n=29W'em? (2900% W 'em”). (12)

As an example, assuming a CW pump power of 20 dBm, i.e. A(®,) = 10, Eq. (7) and (11)
lead to k= 1.69 cm™', which corresponds to a power gain equal to 14.7 dB/cm in the limit of
long device length. As a second example, assuming 20 dBm CW input pump power, —10
dBm signal input power, no idler at the input and neglecting losses, Eq. (8) implies that after
propagating through a 1 cm long waveguide the idler has a power of 0.68 mW (—1.7 dBm),
and the signal has a power of 0.78 mW (—1.1 dBm).

We observe that the assumed nonlinear susceptibility of 230 pm/V is a very conservative
value. In fact, nonlinear susceptibilities of 354 pm/V have already been measured at optical
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frequencies in nonlinear polymers [35], and this value increases to 580 pm/V for organic
crystals [25]. Moreover, ¥ values up to 830 pm/V have already been considered in the
context of SOH waveguides [23], and values higher than 3000 pm/V are envisaged in future
polymer systems [36]. By using a material with ten times larger nonlinearity, an
unprecedented high efficiency of 7 = 290 000% W'cm ™ could be obtained, or equivalently,
100 times smaller pump powers would lead to the same optical gain. Moreover, the damage
threshold of single slot SOH waveguides having much smaller cross-sections is larger than
16 dBm for CW operation [37], suggesting that a pump power of 20 dBm will be below the
damage threshold of the device.

It is worth noticing that two-photon absorption (TPA) does not limit the performance of
the device. Indeed, even assuming that the entire optical field was concentrated in the 0.4
pum’ silicon cross-section, 20 dBm of pump power correspond to an intensity [ = 25
MW/cm?>. This value, combined with a TPA coefficient Prea =1 cm/GW [35], corresponds to
an absorption coefficient as low as Srpal = 0.025 cm™' (0.1 dB/cm). Free-carrier absorption
(FCA) does not constitute a problem either, since it settles in at even higher powers than TPA
[38]. Similarly, also third-order nonlinear effects due to the Kerr nonlinearity of silicon can
be neglected, since TPA would otherwise be significant as well [39].

We further observe that the silicon dioxide substrate has a (bulk) propagation loss smaller
than 2 dB/cm for wavelengths up to 3.6 um [8, 40] and the silicon itself is transparent in an
even larger spectral domain [8]. Also the roughness of the silicon waveguide might induce
scattering losses [41], but values below 7 dB/cm have already been demonstrated in (even
smaller) single and multiple slot waveguides [42, 43]. The different propagation loss
mechanisms will decrease the performance of the device, but because of a gain of 14 dB/cm
at 20 dBm pump power, this will not lead to any fundamental change in our discussion.

5. Conclusion

In the present work we propose a silicon waveguide concept suited for three-wave mixing.
For the first time it is shown that the necessary phase-matching is possible in a silicon-
organic hybrid (SOH) waveguide. This could be achieved by dispersion engineering. Our
device has high conversion efficiency, is based on standard materials and technologies, and
allows all-optical signal processing, mid-IR generation, and lowest-noise optical parametric
amplification with small optical pump powers.

Appendix
A. Mode conversion

The modes involved in the nonlinear process described above can be excited by taking
advantage of a mode converter as the one shown in Fig. 5, which was developed for this
purpose. This mode converter acts differently for different wavelengths. At the wavelength of
1550 nm the fundamental (quasi-)TE-mode of the slotted waveguide is converted to the
TE,-mode of the double slot waveguide (power transmission coefficient ISZII2 = -2 dB),
while at the wavelength of 3100 nm the fundamental mode TEy, of the double slot
waveguide is excited with IS,;I> = 0.7 dB. This mode converter can be used at the input as
well as at the output of the double slot waveguide in order to operate only with the
fundamental mode in all the remaining parts of the photonic circuit. The minimum feature
size is 100 nm (size of waveguide tip), meaning that e-beam fabrication is not required, and
standard 193 nm DUV technology is sufficient.

There are many other mode converter schemes that may be used in order to convert the
pump and signal into the respective higher-order modes. Mode converters can for instance be
built using the multimode interference (MMI) coupler from Ref [44], specially designed
Bragg gratings, or holograms.
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TE00—> TE40 @ 1550 nm
TEgo— TEge @ 3100 nm

1 um

Fig. 5. Slot to double slot mode converter. Light at wavelengths 1550 nm and 3100 nm is
coupled in the slotted waveguide on the left. At the wavelength 1550 the fundamental mode of
the slotted waveguide is converted into the TE4 mode of the double slot waveguide (Sy = -2
dB), while at the wavelength of 3100 nm the fundamental mode TEg, of the double slot
waveguide is excited (Sy; = 0.7 dB).

B. Third-order nonlinearity vs. second-order nonlinearity

For comparing third-order with second-order nonlinearity we calculate the electric field
strength required for creating a certain polarization. The optical response of a material can be
described by expanding the polarization P(f) as a power series of the electric field strength
E(?). For simplicity we represent the vector fields P and E by scalar quantities,

Pe)=PY@)+PP0)+PV()+---, PV =yVE" (13)

The second-order polarization P is always larger than the third-order polarization P* if the
electric field is smaller than the critical field

e
_X
E =5 (14)

X

If we now substitute #? = 230 pm/V and #¥ = 10° pm*/V (this value corresponds to the
third-order nonlinear organic molecule DDMEBT [37, 45] which has previously been used
for frequency conversion in SOI slot waveguides [37] and has one of the highest Kerr
nonlinearities at 1.5 um [46]), we find that the critical electric field is E. = 2.3 10°V/m.

For the hypothetical case of a plane wave in vacuum, this field corresponds to an
(enormous) intensity of I = & ¢ IE = 1.4 10"°W/m?, or 140 W on an area of 100x100 nm?.
Since practical devices operate at intensities significantly smaller than the latter [9],
waveguides will be more efficient than their #* counterparts.
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