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In this paper we discuss two strategies to achieve wideband light generation through intermodal
nonlinear parametric processes in multimode integrated waveguides. We outline how the interplay
among intermodal interactions and high dispersion may lead to the generation of light characterized
by substantial power spectral density if compared to supercontinuum sources. These results are
valid independently of the waveguide material, however our numerical simulations focus on silicon
waveguides, which are nowadays at the core of integrated photonics. The long-term vision is that, by
exploiting an adequate number of intermodal processes, widely tunable radiation having high-power
spectral density can be generated in a broad portion of the transparency window of silicon.

I. INTRODUCTION

Coherent optical sources and amplifiers in the near and
mid-infrared (IR) spectral region are of utmost impor-
tance for several applications spanning from telecommu-
nications up to gas sensing and medicine. Quantum cas-
cade lasers (QCLs) are today a mature technology for
light emission beyond 4 um [1]. Rare-earth-doped sil-
ica fibers are efficient optical sources in the spectral re-
gion below 2.2 pm [2]. In these fibers light amplification
occurs however in a fixed bandwidth where stimulated
emission takes place. Compared with QCLs and rare-
earth-doped fibers, nonlinear parametric processes repre-
sent a flexible way to generate light in broad and tunable
spectral regions. Optical parametric oscillators (OPOs)
based on quadratic processes in nonlinear crystals can be
widely tunable in the IR [3], however they are relatively
bulky systems.

In this paper we focus our attention on parametric pro-
cesses based on cubic (Kerr) nonlinearity in integrated
waveguides. Over the last years, parametric processes
have been widely investigated in single-mode waveguides
[4-15]. However, the single-mode platform is intrinsically
limited: either broadband gain is achieved in the near-
zero anomalous dispersion regime and close to the pump
wavelength; or narrow-band gain is achieved far from the
pump in the near-zero normal dispersion regime medi-
ated by 4th-order dispersion [14-17].

Recently, researchers have started to investigate mul-
timode waveguides [18-22], where several interactions
among different spatial modes contribute to the nonlin-
ear dynamics. These pioneering works open the way to
the use of intermodal nonlinear interactions in integrated
waveguides, however up to date the full potential of these
interactions is far from being reached. The purpose of
this work is therefore to highlight this great and still un-
exploited potential and some key strategies for its ex-
ploitation. Firstly, we demonstrate that, differently from
single-mode waveguides, multimode waveguides may ex-

* m.guasoni@soton.ac.uk

hibit wideband parametric gain far from the pump. Sec-
ondly, we introduce the idea of concatenation of gain
bands: different couples of spatial modes may give rise to
several distinct parametric processes in different spectral
regions that can be concatenated so as to form a single
and wide gain band. In addition, we discuss how the in-
terplay among intermodal processes and large dispersion
can give rise to a radiation characterized by a relatively
high power spectral density, if compared to supercontin-
uum sources. Despite these ideas are valid independently
of the waveguide material, however in this paper our nu-
merical simulations focus on silicon waveguides. Indeed,
silicon is today the most versatile and investigated ma-
terial for integrated photonics [23]. It possesses a wide
transparency window of 262 THz in the near and mid-
IR (from 1.1 pm to 8 pm), as well as a large nonlinear
response that leads to significant nonlinear interactions
over a centimeter length scale. This opens the way to
fully-integrated on-chip silicon optical sources that are
cheap, compact and CMOS compatible if compared with
traditional OPOs.

Nevertheless, at present the largest gain bandwidth
achievable in single-mode silicon waveguides and re-
ported in literature is 20 THz, which is merely 8% of
the total transparency window of silicon [13]. Therefore,
the long-term vision that this paper aims to introduce
is that, by exploiting an adequate number of intermodal
processes, high-power spectral density radiation may be
generated in a very broad bandwidth within the trans-
parency window of silicon.

II. MODELING

As anticipated, in this paper the discussion of the main
ideas is supported by the numerical simulation of silicon
waveguides. We focus here on the case of free-standing
(suspended) silicon rectangular waveguides: indeed, de-
spite their fabrication is challenging, nevertheless they
are currently the subject of intense research [24, 25| as
they offer the opportunity to fully exploit the optical
transparency window of silicon (1.1-8 pm), which other-
wise would be reduced in the presence of a silica cladding.
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FIG. 1. Schematic setup of the system under analysis. The
light from a laser source (LS) is split into several channels. In
this example 3 channels are represented (directional couplers
in light gray colour). The light at the input of each channel
is coupled on either the fundamental TEOO or TMOO mode
through the beam splitter. Each channel provides the con-
version and coupling of a specific mode into the main silicon
waveguide (dark gray colour). In this example, the 3 chan-
nels allows coupling into the main silicon waveguide a com-
bination of TE02, TEQ0 and TM10 modes. The interaction
among these modes into the waveguide gives rise to several
different intermodal parametric processes that are the main
topic of this paper. In the inset: cross-section representation
of the main silicon waveguide.

However, it is worth noting that the main ideas discussed
in this work are independent of the waveguide geometry
or material, and can be therefore generalized to any kind
of integrated waveguide.

The schematic setup of the system under analysis is rep-
resented in Fig.1. The light from a laser pump source
is injected into a beam splitter that separates the input
beam into N-channels. Each channel enables mode con-
version from the fundamental mode (TE00 or TMO00) to
a distinct spatial mode. A control element (e.g. a modu-
lator [26]) in each channel allows to tune the power. As
a result, a linear combination of spatial modes can be
injected in the waveguide. The channels could be imple-
mented either as integrated directional couplers [26], as
in Fig.1, or through external free-space phase-plates [19].
Optical pulse propagation in a silicon waveguide can be
described by a set of coupled nonlinear Schrédinger equa-
tions (CNLSEs) [8, 27].

Rectangular waveguides typically exhibit large birefrin-
gence, so that only self-phase (SPM) and cross-phase
modulation (XPM) are relevant to the intermodal dy-
namics [28], and the spatial modes are quasi-TE or quasi-
TM. Consequently, the CNLSEs take the following com-
pact form [19, 27):
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In Eq.(1) A, (z,1) is the slowly-varying envelope of mode
n. The term P,(z,t) represents the modal dispersion
related to mode n. In our simulations, we model the dis-
persion as Pa(z,t) = i [, dffu(f + f) An(z, feap—271t,
where f, is a reference frequency (typically the pump fre-

quency), A, indicates the Fourier transform of A, (z:)
whereas 3, (f + fp) is the propagation constant of mode
n at the frequency f+ f,. This integral version of the lin-
ear dispersion implicitly takes into account for all higher-
order dispersion terms, and is therefore useful when the
simulation span a wide spectral band [30]. Alternatively,
one may employ the usual truncated Taylor series expan-
sion that includes a finite number of higher-order disper-
sion coefficients [29]. The coeflicients by, account for
self and cross-phase modulation and depend on the di-
rection along which the waveguide is fabricated [8]. For
common silicon waveguides fabricated along the [0 1 0]
direction bg,=1 if &k = n; bg,=2 if £k # n and the
modes have same polarization; by,=1/2 if k # n and
the modes have orthogonal polarization [9]. The nonlin-
ear coefficients read Cl,, = 1227 fp/(cAcffkn), Where no
is the nonlinear refractive index of silicon at the refer-
ence frequency fp,, whereas Acsy rn is the effective area
calculated as the overlap integral among the modal dis-
tributions My, ., (z,y) of modes k and n [27]. The ef-
fective areas, along with the propagation constants, are
computed through a finite-element-solver taking into ac-
count for the material dispersion [31]. The coeflicient
a, accounts for the linear absorption losses of mode n.
The term R, includes the Raman contribution as de-
scribed in Refs.[9, 32]. We point out that both the non-
linear coefficients and the modal distributions are calcu-
lated at the reference frequency f,, which is typically the
pump frequency.We neglect therefore nonlinear disper-
sion. This choice is justified by the fact that it does not
play any significant role in the phase-matching condition
of intermodal parametric processes [28]. We also ignore
two-photon absorption (TPA) and free-carrier absorption
(FCA) because, as discussed in the next sections, they
do not affect the dynamics in our simulations. We focus
now on the parametric amplification process triggered by
a pump source which is distributed over a set of spatial
modes at the waveguide input ( Fig.1). The simultane-
ous interaction between several modes into the waveguide
may exhibit a complex dynamics [28]. However, its de-
scription is simplified whenever the phase-matching be-
tween each couple of modes is achieved in distinct spec-
tral bands. In this last case the parametric amplification
can be separated into a set of independent parametric
processes, each one related to a distinct couple of modes
n and m. In each process two photons from the pump,
centred at frequency f, and coupled over the modes n
and m, are converted to one photon at frequency f; in
the Stokes side coupled to mode m and one photon at fre-
quency fs in the anti-Stokes side coupled to mode n, with
fs + fi = 2f, to satisfy energy conservation [34]. Light
is therefore generated at both fs and f;, or amplified if a
wave is pre-existing at these frequencies. Moreover, max-
imum optical gain is achieved for those frequencies f; ;
that satisfy the phase-matching condition:

ﬁn(fp)'i_ﬁm(fp) _/Bn(fs>_6m(fi) =0 (2)
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FIG. 2. Panel (a): representation of mirror symmetry around
the pump, as in Ref.[35]. The inverse group velocities IGV;
and IGVz of two distinct spatial modes m; and ms have mu-
tual mirror symmetry centred at f, and in the spectral region
from f, — fa to fp + fa (solid lines). Outside this region
the symmetry is lost (dotted lines). Consequently, effective
parametric amplification of mode m1 can be achieved for fre-
quencies from f, — fa to fp, and of mode my for frequencies
from f, to fp+ fa.Panel (b): representation of mirror symme-
try far from the pump. The inverse group velocities IGV; and
IGV> of two distinct spatial modes m1 and mo have mutual
mirror symmetry centred at frequency f, but far from it. In
this example, efficient parametric amplification of mode m,
is achieved for frequencies from f, — fa to f, — fB, and of
mode mg for frequencies from f, + fr to fp + fa.

IIT. STRATEGY 1: MIRROR SYMMETRY OF
INVERSE GROUP VELOCITIES FAR FROM
THE PUMP

In this section, we illustrate a strategy to achieve
wideband light generation far from the pump, thus
overcoming one of the main limits of single-mode
waveguides. We have recently discussed in Ref. [35]
that whenever two modes have inverse group velocities
exhibiting mirror symmetry around the pump frequency
fp, then the phase-matching Eq.(2) is fulfilled over a
large spectral band in proximity of the pump, which
leads to effective parametric amplification in that band
( Fig.2(a) ). Here, differently from Ref.[35], we relax
the assumption of symmetry around the pump: mirror
symmetry can be achieved in two bands far from the
pump, which still would lead to effective phase-matching
and then parametric amplification, as displayed in
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FIG. 3. Results for the 1.4x1 um waveguide. In these simula-
tions we set the linear losses to 0.5 dB/cm [8] for each mode
and ne = 3.5-107'% m? /W, which is the nonlinear index of sil-
icon at ~ 4.63 um [36]. The waveguide is 5 cm long.Note that
since the anti-Stokes gain band and the Stokes gain band are
symmetric to each other with respect to the pump frequency,
here and in the following figures we do not represent the anti-
Stokes side. Panel (a): solution of the phase-matching con-
dition Eq.(2) in the (Ap,A;) plane. The horizontal dashed
red and green lines indicate the pump wavelengths 4.632 and
4.6325 pm, crossing the phase-matching line at the Stokes
wavelengths As1,42,:3,i4,55. Panel (b): surface plot of the net
gain at the waveguide output in the (\,, \;) plane, computed
from solution of Eq.(1). Panel (¢): net gain profile when A,=
4.632 pm (red line) and 4.6325 um (green line), respectively.
Negative values of gain are due to losses.

Fig.2(b).

By computing the inverse group velocities related to
the modes of several rectangular silicon waveguides with
height and width ranging from 0.7 pm to 4 pm, we found
that the modes TEOO and TEOl of a waveguide with
cross-section 1.4x1.0 pm exhibit quasi-mirror symmetry
in the Stokes band 6.40-7.10 pm (mode TEO00) and the
corresponding anti-Stokes band 3.43-3.62 um (mode
TEO01) , with central wavelength 4.6315 pm. Therefore,
having a pump coupled to both modes TEOO and TEQ1
and centred at A\, = ¢/f,=4.6315 pm, effective phase-
matching is expected in both the bands 6.40-7.10 pm
(for mode TEO00) and 3.43-3.62 pm (for mode TEO01).It
is worth noting that the waveguide dimensions allow



tuning the wavelengths of interest: as a general rule of
thumb, by increasing (decreasing) the waveguide size we
red-shift (blue-shift) the wavelength A, as well as the
Stokes and anti-Stokes bands.

Figure 3a shows the solution of the corresponding phase
matching condition Eq.(2) as a function of the pump
(Ap) and the Stokes ()\;) wavelengths. As expected, due
to the mirror-symmetry, phase matching occurs over
a large bandwidth. Note that since the symmetry is
not perfect (it is a quasi-mirror symmetry), a slightly
tunable pump rather than a fixed wavelength one should
be employed. The main outcome is that by tuning
the pump wavelength A\, in a range as narrow as 21
GHz (4.631-4.6325 pm), phase-matching, and then
light generation, is achieved in the whole Stokes band
6.40-7.10 pm and the anti-Stokes counterpart 3.43-3.62
pm (9.24 THz total bandwidth), coupled respectively
to the modes TEQO and TEQl. For comparison, the
typical gain bandwidth far from the pump mediated
by fourth-order dispersion in single-mode waveguides is
fractions of THz [14, 15], which is one order of magnitude
smaller than in our example.

In Fig. 3b the optical gain spectrum is displayed, which
is obtained from the numerical solution of Eq.(1) with an
input pump coupled over the TEQO and TEO1 modes and
having 5 W peak-power, to which a weak background
white noise is added to seed the parametric amplification
process (see the figure caption for more details). The
temporal walk-off over the waveguide length (L=5 cm)
due to the differential group velocity among TE00 and
TEO1 modes is of the order of hundreds of picoseconds,
which imposes the use of CW or pulsed sources with
pulse width > 1 ns. Note that TPA and FCA in silicon
are negligible for input pump wavelengths beyond 2.2
pm [9], which is the case in this example. Moreover,
stimulated Raman scattering does not occur with TE
modes since the waveguide is fabricated along the [0 1
0] direction [32]. The results in Fig.3b,c confirm that
by tuning the pump from 4.631 to 4.6325 pm, light can
be generated continuously in the 6.40-7.10 um spectral
region as well as in the anti-Stokes counterpart 3.43-3.62
pm (here not illustrated). For example, if the pump
is centred at 4.632 pm (indicated by the horizontal
red dashed line in Fig.3a), then the phase-matching
condition is achieved at 3 Stokes wavelengths ;1 ;23
(red dots in Fig. 3a). Consequently, the optical gain
spectrum shows 3 peaks in correspondence of ;i ;2.3
(see Fig.3¢). If the pump is now centred at another
wavelength, for example 4.6325 pum ( green dotted line
in Fig 3a), light is generated at different wavelengths
Aia,is- It should be noted that, besides the essential
phase-matching requirement, light generation can be
achieved only when the pump power exceeds a certain
threshold such that net gain is obtained. Such a thresh-
old depends on the waveguide parameters and can be
well estimated through the analytical tools introduced
in Ref.[28].

At variance with single-mode waveguides, where near-

zero dispersion is a requisite for efficient parametric
amplification, the mirror-symmetry condition does not
imply any constraint on the dispersion of the modes.
Consequently, the intermodal parametric amplification
is efficient even in the presence of large dispersion. At
the same time, a large dispersion reduces substantially
the SPM-induced spectral broadening as well as the cas-
cading of four-wave-mixing bands, and so ultimately the
supercontinuum generation. This simultaneous interplay
among efficient intermodal amplification and super-
continuum suppression represents a key-distinguishing
feature of intermodal processes, which can be exploited
for the generation of high power spectral density over
a wide band. Figure 4 displays the pump-to-idler con-
version and the spectral evolution of light for different
waveguide lengths when a pump centred at 4.632 pum
and with 35 W peak-power is injected. As expected
from Fig.3, a peak of conversion is found at 6.65 pm
(see black arrows in Fig. 4b,c) . Despite the formation
of an underlying supercontinuum (6.2- 7.1 pm) induced
by the high pump power, however this peak dominates
the pump-to-idler conversion due to the large dispersion
at both pump and idler wavelengths: for a length L
= 6 cm, a large fraction (~ 17 %) of the total output
optical power is contained in a band as narrow as 2 nm
(6.649-6.651 pm, see Fig. 4 a).

Similarly to the previous example of Fig.3, the peak of
conversion can be shifted by tuning the pump wavelength
in the range 4.631- 4.6325 um. As a result, differently
from supercontinuum sources where the output power
is spread over a broad spectral region resulting in low-
power spectral density, here we can selectively allocate
a substantial portion of the output power (~ 10-20
%) in a few-nm bandwidth within the spectral region
extending from 6.4 to 7.1 um. Light having high-power
spectral density is therefore generated with wideband
tunability, which can be of utmost importance for
several applications (e.g. remote sensing). From another
perspective, by quantifying the temporal coherence in
terms of the radiation bandwidth as it is usually done in
the case of optical sources (narrow linewidth means high
temporal coherence and vice-versa), we can say that
light generated through intermodal nonlinear processes
exhibits a substantial temporal coherence if compared
to supercontinuum radiation.

IV. STRATEGY 2: CONCATENATION OF
GAIN BANDS

A second strategy to achieve wideband light generation
is based on the concatenation of several spectral regions
where distinct couples of modes are phase-matched. This
idea is illustrated in Fig.5 and explored in Fig.6a, which
refers to a waveguide with a cross-section of 1.2x1.0um.
For this specific waveguide geometry, the phase-matching
points related to the couples of modes TE00-TMOO,
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FIG. 4. Panel (a): pump-to-idler conversion as function of the waveguide length L when injecting a pump with 35 W peak-
power centred at 4.632 um. The conversion represents the ratio between the power in a given band and the total output
power. Here the bands under analysis are 6.2-7.1 ym and 6.649-6.651 ym. When L = 6 cm about 30% of the output power
is in the band 6.2-7.1 um, a large portion of which (17%) in the narrow band 6.649-6.651 um. Panels (b,c) illustrate the
output spectrum for mode TEQO: the difference between the peak centred at 6.65 ym (indicated by the black arrows) and the

underlying supercontinuum exceeds 20 dB.
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FIG. 5. Tllustration of concatenation of spectral regions. An
example related to 3 spatial modes mi,m2 and ms is dis-
played. Three distinct gain bands are present ( blue, red
and black lines) that are related to the intermodal processes
among the different couples of modes (here indicated with
12,13,23). Typically, these bands are separated. However,
for a proper waveguide design, they can be concatenated so
as to form a single and continuum band (indicated by the
double-arrow) where light can be generated.

TE10-TMO1 and TEO01-TM10 turn out to be concate-
nated. Specifically, modes TE00-TMO0O lead to phase
matching in the band 1.69-1.94 pym; modes TE10-TMO01
in the band 1.94-2.02 pm ; and finally modes TE01-TM10
in the band 2.02-2.05 pm. Finally phase matching, and
then parametric amplification, is achieved in the whole
spectral region 1.69-2.05 um (as well as its anti-Stokes
counterpart 1.23-1.40 um). Note however that an input
tunable pump from 1.53 to 1.60 um (10 THz) is required.
For example, if the pump is centred at 1.55 ym (horizon-
tal red dashed line in Fig.6a) and is coupled over both
the TEOO and TMOO modes, then phase matching is sat-
isfied at the Stokes wavelength A;; ~ 1.76 pm (mode
TEO00), represented by a red circle in Fig.6a, and the cor-
responding anti-Stokes wavelength Ag; ~ 1.38 pum (mode
TMOO,not illustrated in Fig.6 ). Consequently, a gain
peak can be observed both at \;1=1.76 pm (related to
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FIG. 6. Results for the 1.2x1 pum waveguide. We set linear
losses to 0.5 dB/cm [8] for each mode and na = 5-107*% m? /W
, which is the nonlinear index of silicon at ~ 1.55 ym [36]. The
waveguide is 5 cm long. Panel (a): phase-matching lines for
3 different couples of modes: TE00-TMO0 (solid line); TE10-
TMO1 (dashed line); TE01-TM10 (dotted line). In this spe-
cific waveguide, the 3 phase-matching lines are concatenated
and cover the band 1.69-2.05 pm. The horizontal dashed blue,
green and red lines indicate the pump wavelengths 1.58, 1.57
and 1.55 um and cross the phase-matching lines at the Stokes
wavelengths A1 ,:2,:3. Panel (b): gain spectra for 3 different
input pump configurations. Raman gain spectra have been
filtered out for the sake of clarity.

mode TE00, see the output spectrum of Fig.6b) and at
the corresponding anti-Stokes wavelength As;=1.38 pm
(related to mode TMO00). Similarly, if the pump is cen-
tred at 1.57 pm ( horizontal green dashed line in Fig.6a)



and is coupled over the TE10 and TMO1 modes, phase-
matching is satisfied at \;2=1.97 um (mode TE10, see
green circle in Fig.6a and the corresponding gain spec-
trum in Fig.6b) and at the corresponding anti-Stokes
wavelength Aso ~ 1.30 pm (mode TMO1). It is worth
noting that the largest gain bandwidth achieved in single-
mode waveguides up to date is ~ 20 THz [13]. It could
raise up to ~ 30 THz when using a pump tunable over 10
THz, which is however only half the bandwdith achieved
in this example. Similarly to the example in the previous
section, this demonstrates one time more the great po-
tential and flexibility offered by intermodal interactions.
Interesting enough, in this specific example commercial
erbium-doped fiber lasers (EDFLs) would represent an
ideal input pump source, as they cover the 1.53-1.60 pm
spectral region (telecom band). In this band, silicon suf-
fers from high TPA and FCA. However, when the pump
pulse width T}sc is much shorter than the effective car-
rier lifetime Trca, then FCA and TPA are negligible
[8] and Eq.1 can be employed. Note that in practice
Trca can be controlled either by applying an external
direct current or by properly designing the waveguide
cross-section [9], so that it may vary from less than 1
nanosecond to tens of nanoseconds. We solve therefore
Eq.1 under the assumption that Tpuse << Trca. Fig-
ure 6b shows the gain when the pump peak-power is 6 W
and for different input pump configurations. By properly
coupling the pump over the couples of modes previously
discussed, net gain is achieved in the whole spectral re-
gion 1.69 — 2.05um.

V. CONCLUSION

In this paper we have discussed two effective strategies
to achieve wideband light generation in multimode
integrated waveguides through the exploitation of inter-
modal nonlinear Kerr-processes. By properly optimizing
the waveguide geometry we can exploit the mirror-
symmetry principle or concatenate the phase-matching
bands related to different couples of modes in such
a way to cover a wide, continuous band where light

can be generated with high power spectral density and
temporal coherence if compared to supercontinuum
sources. These strategies disclose the great potential of
intermodal processes, which is still unexploited so far.
We stress that the numerical simulations discussed in
this paper depend on the linear and nonlinear param-
eters that are used to model the waveguide through
Eq.1. These parameters, however, cannot be determined
a priori with exactness, since they are affected by the
deposition steps at fabrication stage, which explains why
different values may be found in literature [37, 38]. This
is all the more true when simulating over large spectral
regions. Therefore, the numerical results displayed in
Figs.3,6 should be intended as a guideline to illustrate
the substantial potential of the two strategies introduced
in this paper, rather then a definitive design of optimal
waveguide geometries and an accurate characterisation
of their performance.

Finally, we highlight that the main ideas illustrated
in this work can be generalized to any kind of waveg-
uide geometry and materials. The preliminary results
discussed in this work should therefore stimulate the
investigation of more complex strategies (e.g. simulta-
neous mirror-symmetry and concatenation), geometries
(e.g. coupled waveguides) or multi-pump configurations
that would offer more degrees of freedom for an optimal
design of the phase-matching conditions, ultimately
leading to light generation in a very wide IR band.
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