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In this work, we report the modeling and the experimental demonstration of intermodal spontaneous as well as
stimulated four-wave mixing (FWM) in silicon waveguides. In intermodal FWM, the phase-matching condition is
achieved by exploiting the different dispersion profiles of the optical modes in a multimode waveguide. Since both
the energy and the wave vectors have to be conserved in the FWM process, this leads to a wide tunability of the
generated photon wavelength, allowing us to achieve a large spectral conversion. We measured several waveguides
that differ by their widths and demonstrate large signal generation spanning from the pump wavelength
(1550 nm) down to 1202 nm. A suited setup evidences that the different waves propagated indeed on different
order modes, which supports the modeling. Despite observing a reduced efficiency with respect to intramodal
FWM due to the decreased modal overlap, we were able to show a maximum spectral distance between the signal
and idler of 979.6 nm with a 1550 nm pump. Our measurements suggest the intermodal FWM is a viable means
for large wavelength conversion and heralded photon sources. © 2018 Chinese Laser Press

OCIS codes: (190.4380) Nonlinear optics, four-wave mixing; (130.7405) Wavelength conversion devices; (230.7380) Waveguides,
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1. INTRODUCTION

Wavelength division multiplexing (WDM) is a well-established
approach to high-capacity data transfer [1]. The efficiency of
WDM could be further improved by using mode division
multiplexing (MDM), where multimode optical fibers or wave-
guides are used [2,3]. The combination of WDM and MDM
could be the next step in the evolution of optical communica-
tion technology [4]. While WDM has been extensively studied
and optimized, MDM is currently under development. Among
the most useful functionalities, there is mode-selective wave-
length conversion for high-speed and controllable on-chip data
transfer [5–7]. This is a nonlinear optical technique that is
based on four-wave mixing (FWM) [8]. FWM is a third-order
nonlinear optical process involving four optical waves in a
medium. In spontaneous FWM (SFWM), two waves at the
input, called the pumps, mix up to generate two new optical
waves called the signal and the idler. When a seed optical wave
is input together with the two pump waves, the process is
named stimulated FWM (sFWM), and the seed wave is con-
verted into the new generated wave: in this way wavelength

conversion is achieved [9]. For mode-selective wavelength con-
version in silicon-on-insulator (SOI) waveguides, sFWM has
been used in its degenerate version, where the two pump waves
have the same wavelength [5,7]. Intramodal FWM, i.e., with all
the waves on the same optical mode, has been extensively stud-
ied in the last 50 years [8]. On the contrary, intermodal FWM,
i.e., with the signal, the idler, and the pump on different modes,
has never been studied in a waveguide. Intermodal FWM has
the advantage of not requiring anomalous group velocity
dispersion (GVD), which is usually considered for intramodal
FWM to achieve phase matching [10,11]. This results in an
easier handling of the phase-matching condition [12]. The
intermodal FWM exhibits higher flexibility, larger spectral
conversion, and easier phase matching [13–18]. Up to now,
intermodal FWM has been demonstrated only in higher-
order-mode optical fibers [12,19,20] and in photonic crystal
optical fibers [21].

Here, we demonstrate on-chip intermodal FWM, both for
SFWM and sFWM, extending our preliminary work [22].
We investigate extensively a particular modal combination
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involving the pump on both the first and second transverse-
electric (TE) modes and the signal and idler on, respectively,
the second and first TE modes. Moreover, we also report other
modal combinations, involving up to the third-order mode and
with both TE and transverse-magnetic (TM) polarization. By
engineering the waveguide geometry, we control the modal dis-
persions, and we achieve the phase-matching condition. An ex-
ample of on-chip intermodal phase matching has been reported
very recently with Brillouin scattering in silicon waveguides
[23]. What is interesting in intermodal phase matching is the
fact that, depending on the excited optical modes and on the
geometry of the waveguide, the wavelength of the phase-
matched discrete bands can be easily controlled. We demon-
strate that this allows getting large spectral conversion. In fact,
we show SFWM with an idler at a wavelength of 1202 nm
when the pump is at 1550 nm. To the best of our knowledge,
this is the largest spectral detuning achieved by FWM in an
SOI waveguide with a C-band pump. This paves the way for
the application of intermodal FWM for broadband and highly
tunable on-chip wavelength conversion, such as in gas sensing
[24], mid-infrared (MIR) detection [25], and MIR light gen-
eration [26]. Moreover, the large detuning combined with the
spontaneous generation can be used to get an on-chip heralded
single-photon source with the heralded photon generated at
short wavelengths, where highly efficient single-photon detec-
tors are available, and the heralded photon generated beyond
2 μm. This can be of great interest for free-space quantum com-
munications [27].

The paper is organized as follows. In Section 2 we describe
the theory of intermodal FWM and of mode coupling. In
Section 3 we detail the setup used and the measurements,
and we discuss the obtained results. Section 4 summarizes
the main results and reports on the perspectives.

2. THEORY

A. Multimode Waveguides
The typical cross section of our waveguides is reported in
Fig. 1(a). On an SOI 6’ wafer, with a buried oxide layer (BOX)
of 3 μm and a silicon device layer of 243 nm, waveguides were
defined by 365 nm lithography. Reactive ion etching was used
to pattern the waveguides, which were then cladded by 900 nm
thick SiO2 deposited by plasma-enhanced chemical vapor

deposition (PECVD). The waveguide width ranged from 2
to 3.8 μm.

By using a commercial finite element method (FEM) soft-
ware (COMSOL), we computed the modal field profiles and
the effective indices for these multimode waveguides. As an
example, the profiles and the effective index dispersions are
reported in Fig. 1(b) and Figs. 1(c) and 1(d), respectively,
for various waveguide widths. In particular, Figs. 1(c) and 1(d)
show that we can control the effective index value of the propa-
gating optical mode by selective excitation of a specific optical
mode at a given wavelength. Moreover, the index dispersion
also depends critically on the waveguide width, as reported
in Figs. 1(c) and 1(d). Tailoring the index dispersion through
the geometry of the waveguide is of crucial importance for the
control of the phase-matching condition [28].

B. Intermodal Four-Wave Mixing
In the degenerate FWM, the two pumps have the same
frequency ωP, and the signal and the idler have frequencies ωS
and ωI , with ωS < ωI by convention. Despite the two pumps
having the same frequency, in a multimode waveguide they can
propagate on different waveguide modes, thus with different
effective indices neff . Since the wave vector is written as
k � ω

c neff , with c the light velocity, the result is that the
two pumps have the same frequency but with different wave
vectors.

Both spontaneous FWM as well as stimulated FWM are
ruled by the energy conservation relation from Eq. (1) and
the momentum conservation relation from Eq. (2)

ωP � ωP � ωS � ωI , (1)

kP1 � kP2 � kS � kI , (2)

where the subscripts P1, P2, S, I refer to the first pump, second
pump, signal, and idler, respectively.

Provided that Eq. (1) is fulfilled, the efficiency η of SFWM
and sFWM scales with the phase mismatch Δk as [9]

η ∝ jf jqlmj2 sinc
�
Δk

L
2π

�
2

, (3)

where L is the nonlinear medium length, f jqlm is the mode field
overlap, with j, q, l , m indicating, respectively, the mode orders
for the two pump photons, the signal, and the idler photons.
The phase mismatch Δk is given by

(a) (b) (c) (d)

Fig. 1. (a) Cross section of the waveguides used in this work. BOX refers to the buried oxide. The core is made of crystalline Si, and the cladding
by deposited SiO2. (b) Computed intensity profiles in the core region of the first three TE modes supported by a 3.5-μm-wide waveguide.
(c) Effective index as a function of the wavelength for the first TE mode for the different waveguide widths reported in the legend.
(d) Effective index as a function of the wavelength for the second TE mode for the different waveguide widths reported in the legend.
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Δk � ΔkL � ΔkNL, (4)

where ΔkL � kS � kI − kP1 − kP2 is the linear phase mismatch
and ΔkNL � γP1PP1 � γP2PP2 quantifies the phase contribu-
tion to Δk due to the self-phase modulation (SPM) of the
pumps [14]. γP1 and γP2 are the nonlinear coefficients for the
two pumps [9], and PP1, PP2 are the powers of the two pumps.

In a multimode waveguide, the dispersion of the higher-
order modes can be used to tune the spectral position of the
FWM phase-matching condition [29]. ΔkL in a multimode
waveguide can be written as [30]

ΔkL �
ωP

c
njeff �ωP� �

ωP

c
nqeff �ωP�

−
ωS

c
nleff �ωS� −

ωI

c
nmeff �ωI �, (5)

where j, q, l , m are as in Eq. (3). In the following we use the
convention that the modal combination involved in the FWM
process is indicated as �j, q, l ,m�, i.e., one pump photon on the
jth order mode, the other pump photon on the qth order mode,
the signal photon on the l th order mode, and the idler on the
mth order mode.

By computing the effective index for the different modes
and by using Eqs. (4) and (5), we found that the combination
(1,2,2,1) with all the modes with a TE polarization is the best
candidate to validate the intermodal FWM, in both the sponta-
neous and stimulated cases.

Figure 2 compares the spectral dependence of the idler
generation efficiency from Eq. (3) for the intramodal and inter-
modal degenerate FWM with pump photons at 1550 nm. If
the waves involved in the process propagate on the same first-
order mode, the maximum efficiency is only close to the pump
wavelength. When the intermodal combination is excited, the
spectral position of the phase matching is moved far from the
pump wavelength, allowing for large wavelength conversion.
This figure shows the potential of the intermodal FWM.

As shown by Eq. (3), the efficiency of FWM scales quad-
ratically with the modulus of the mode fields overlap f jqlm and
f jqlm for the intermodal combination �j, q, l ,m�, assuming all
the waves have the same polarization, is given by [14]

f jqlm �
R
A0
Ej�r,ωj�Eq�r,ωq�E�

l �r,ωl �E�
m�r,ωm�AQ

i�jqlm

hR
A∞

nwg�r,ωi�2jEi�r,ωi�j2A
i1
2

, (6)

where r is the spatial coordinate in the cross-section plane, nwg
is the waveguide refractive index, A0 is the waveguide cross sec-
tion, A∞ is the whole transverse plane, and Ej∕q∕l∕m is the mode
field of each wave involved in the intermodal FWM. f jqlm
quantifies the coupling between the fields involved in the pro-
cess. This parameter depends also on the confinement of the
modes, resulting in a higher value when the modes are more
confined in the waveguide core. Here it is assumed that the
only significant nonlinearity is due to the waveguide core.

Not all the modal combinations are available for FWM.
Equation (6) shows that only the modal combinations that give
an even integrand at the numerator yield non-zero f jqlm.
Table 1 compares f jqlm of the intermodal combination
(1,2,2,1) with those of two intramodal combinations for the
same waveguide geometry (3.5 μm × 243 nm) with TE polari-
zation. The wavelengths considered are those needed for
the phase-matched (1,2,2,1) TE combination, i.e., pumps at
1550 nm, signal at 1651 nm, and idler at 1461 nm.

Table 1 shows a lower relative efficiency of the intermodal
FWM with respect to the intramodal FWM. The lower value,
of about −3.5 dB, is mainly due to the spatial mismatch
between the modes rather than to the larger effective area of
the higher-order modes [see the small difference between the
efficiency of the (2,2,2,2) intramodal FWM with respect to
the (1,1,1,1) combination]. However, comparing the 3.5 μm ×
243 nm cross section with the typical cross sections used
for state–of-the-art broad wavelength conversion (0.9 μm ×
220 nm, air cladding) [31], the intermodal (1,2,2,1) combina-
tion in the 3.5 μm × 243 nm waveguide exhibits −12 dB effi-
ciency with respect to the (1,1,1,1) combination in the smaller
waveguide, considering the same input power. In this case, the
larger effective area of the multimode waveguide is more impor-
tant than the mode fields overlap in lowering the efficiency. The
efficiency improves to −8 dBwith respect to the same 0.9 μm ×
220 nmwaveguide when considering the (1,2,2,1) combination
with a 2 μm × 243 nm cross section. Despite the lower effi-
ciency, the intermodal FWM enables larger spectral translations
with respect to intramodal FWM, evenwhen higher-order terms
of the GVD are considered in intramodal FWM [31–33].
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Fig. 2. Spectral dependence of the idler generation efficiency for the
(1,1,1,1) intramodal FWM and for the (1,2,2,1) intermodal FWM.
All waves have TE polarization. A silicon waveguide with a cross sec-
tion 3.5 μm × 243 nm was assumed in the calculation. Each efficiency
is normalized to its maximum.

Table 1. Calculated Mode Field Overlap for a
3.5 μm × 243 nm Si Waveguidea

�j, q, l ,m� jf normjqlm j Δηnorm�dB�
(1,1,1,1) 1 0
(2,2,2,2) 0.997 −0.023
(1,2,2,1) 0.666 −3.528

ajf norm
jqlm j is the mode field’s overlap normalized to jf 1111j. Δηnorm in dB is the

difference in efficiency, at perfect phase matching, with respect to the (1,1,1,1)
combination. TE polarization is considered.
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In fact, Fig. 3 shows the calculatedΔk for FWM in a 2-μm-wide
waveguide with the (1,2,2,1) intermodal combination and
TE polarization. It is observed that, as the pump wavelength
is increased, the spectral position of the phase-matching condi-
tion moves towards longer wavelengths. In this way, a very large
spectral translation is obtained, with the generation of 3.5 μm
signal photons when the pump approaches 1.9 μm wavelength.
Clearly, at these signal wavelengths the losses related to the
silica cladding start to be significant, and an air-cladding cross
section is preferable in order to reduce such losses.

C. Mode Selection
The excitation of higher-order modes in a multimode silicon
waveguide is achieved by properly illuminating the input facet
of the waveguide. The efficiency with which the modes are ex-
cited in the waveguide is calculated through the power overlap
integral ξ [34,35]

ξx,m �
R
∞
−∞ dx

R
∞
−∞ dyψ xE�

x,m
R
∞
−∞ dx

R
∞
−∞ dyψ�

x Ex,mR
∞
−∞ dx

R
∞
−∞ dyjψ x j2

R
∞
−∞ dx

R
∞
−∞ dyjEx,mj2

, (7)

with the index x indicating TE polarization (y is used for TM
polarization), ψ x is the incident TE field profile, and Ex,m is the
mth TE order mode field profile. ξ quantifies how the input
power is distributed among the mode supported by the wave-
guide. Depending on the input field profile, it is possible to
excite a single waveguide mode or multiple modes [35].

In our experiment, we used a tapered lensed fiber to
couple the light in the waveguide. The field profile of the
tapered lensed fiber is Gaussian, with a measured waist of
(1.17� 0.01) μm at 1550 nm. We simulated the coupling ef-
ficiency as a function of the horizontal fiber position, i.e., along
the waveguide width, keeping the vertical position at half of the
height of the waveguide. The fiber was assumed to be normal
with respect to the waveguide facet. The power coupled in the
different modes is calculated by

Pwg
p,m � �1 − R�ξp,mPp, (8)

wherem is the order mode, p � x, y refers to the polarization, R
is the facet reflection coefficient, and Pp is the input power. In
Fig. 4 the computed power coupled in the first three waveguide
modes is shown, considering 1 W power in the input fiber and
a waveguide width of 3.5 μm. Figure 4 shows that higher-order
modes can be excited by moving the input fiber along the wave-
guide width, with 0 μm corresponding to the center of the
waveguide. The same coupling method was used also for the
output signal collection.

3. EXPERIMENT

A. Setup
We used the same setup for the measurement of both the
sFWM and the SFWM, shown in Fig. 5. The only difference
is that in the spontaneous case no seed signal is required. A
pulsed pump beam with 1550 nm wavelength, 40 ps pulse du-
ration, and 10 MHz repetition rate is mixed through a free-
space beam splitter with the continuous wave (CW) seed signal,
whose wavelength can be tuned in the range 1480–1670 nm.
On both the beams a polarization controller stage is present.
The two beams are then coupled in a tapered lensed fiber
through a collimator. To excite the proper waveguide mode,
the input fiber is moved along the x axis with a piezocontrolled
translator stage. The SOI chip used has several multimode
waveguides with different waveguide widths. An infrared cam-
era coupled to a microscope allows controlling the selected
waveguide. The light transmitted by the waveguide is then col-
lected at the output by another tapered lensed fiber mounted
on a piezocontrolled translator stage. Then, the signals are an-
alyzed by a monochromator when their optical power is lower
than 0.1 nW or by an optical spectrum analyzer (OSA) for
larger powers. The monochromator was homemade, using a
grating in a double-pass configuration. The monochromator

Fig. 3. Numerical simulation of Δk according to Eq. (4) for a 2-
μm-wide waveguide with (1,2,2,1) intermodal combination and TE
polarization. In grayscale, the Δk parameter is a function of the pump
wavelength and the signal wavelength. The red line highlights the
perfect phase-matching spectral position.
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Fig. 4. Computed power coupled into the different modes of a
waveguide by a tapered lensed fiber as a function of the fiber position
with respect to the center of the waveguide. It is assumed a 3.5-μm-
wide waveguide and 1 W at the input fiber with a wavelength of
1550 nm. When the fiber position is 0 μm, the fiber is in the middle
of the waveguide. These values have been normalized with respect to
the measured coupling losses for the first TE waveguide mode.
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is coupled to an InGaAs single-photon counter, allowing for a
dynamic range of 105, i.e., from 1 fW to 0.1 nW. This large
dynamic range is possible thanks to a gated measurement
with the pump laser trigger. Note that the use of the InGaAs
photodetector limits our measurements to the wavelength
region 1200–1700 nm.

We characterized a 3.5-μm-wide waveguide, measuring the
propagation losses (4.6 dB · cm−1) and the coupling losses
(−5.3 dB) for the first TE order mode at a wavelength of
1550 nm. The coupling losses for the second TE order mode
(−10.0 dB) are estimated from the simulation (Fig. 4). The
coupling losses are evaluated considering the position of the
fiber that maximizes the coupling of the considered order mode
(first mode—x � 0 μm, second mode—x � 1.1 μm). Finally,
in our simulations, we assumed for the second-order mode the
same propagation losses as for the first one, which is an opti-
mistic assumption.

B. Coupled Wave Equations of FWM
We simulated the process by numerically solving the coupled
wave equations of FWM [9]. Since the dispersion length LD �
T 2

0∕β2 [36], with T 0 the pulse duration and β2 the GVD, is
much longer than the waveguide length (e.g., LD � 1 km
for the first TE mode in a 2-μm-wide waveguide at λ �
1550 nm), we neglected the temporal dependence, and we
considered CWs in the coupled equations, where for the power
the peak power of the pulses is used. The dependence on fre-
quency and position of the wave amplitude u is omitted for
reasons of compactness.

The coupled amplitude wave equations that we used
describe FWM, SPM, and cross-phase modulation, considering
also the presence of free carriers (FCs). The coupled equations
used are here reported

du1
dz

� −
α1
2
u1 −

F 1

2
u1 � i�γ1ju1j2

� 2�γ12ju2j2 � γ1sjusj2 � γ1ijuij2�	u1

� 2iγ1is2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2PiPs

P1

s
uiusu�2e

iΔkLz , (9a)

du2
dz

� −
α2
2
u2 −

F 2

2
u2 � i�γ2ju2j2 � 2�γ21ju1j2

� γ2sjusj2 � γ2ijuij2�	u2

� 2iγ2is1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1PiPs

P2

s
uiusu�1 e

iΔkLz , (9b)

dui
dz

� −
αi
2
ui −

F i

2
ui

� i�γijuij2 � 2�γi1ju1j2 � γi2ju2j2 � γisjusj2�	ui

� 2iγi12s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1P2Ps

Pi

s
u1u2u�s e−iΔkLz , (9c)

dus
dz

� −
αs
2
us −

F s

2
us

� i�γsjusj2 � 2�γs1ju1j2 � γs2ju2j2 � γsijuij2�	us

� 2iγs12i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1P2Pi

Ps

s
u1u2u�i e−iΔkLz , (9d)

where ẑ is the propagation direction; the labels ν � 1, 2, s, i
refer to the first pump photon, the second pump photon,
the signal, and the idler, respectively; αν is the attenuation
coefficient; and Pν is the power. Regarding the FCs

F ν � σν�1� iμν�N , (10)

where N is the free-carrier density generated by the pumps,
evaluated through the rate equation with 30 ns FCs lifetime
[37], and

σν �
1

N
cκν

n�ων�vg ,ν
δαFC , μν � −

1

σνN
2ωνκν

n�ων�vg ,ν
δnFC ,

(11)

with n the bulk Si refractive index, ων the frequency, vg ,ν the
group velocity, δαFC the free-carrier absorption (FCA) coeffi-
cient, δnFC the free-carrier dispersion (FCD) coefficient, and

Fig. 5. Setup for the sFWM. The pump is initially filtered with two 1550 nm bandpass filters. Then, the pump and the signal, after a polarization
controller stage, are mixed by a free-space beam splitter and coupled in the same tapered lensed fiber through a collimator. The input fiber injects the
light in the desired waveguide on the SOI chip. The light is collected from the waveguide by another tapered lensed fiber. The position of both fibers
is controlled by means of two XYZ nanopositioning stages via piezocontrollers. The collected light is analyzed with an OSA or a monochromator,
depending on the power of the generated signal. In the inset, the waveguide modes involved in the intermodal FWM are sketched by showing
the mode profiles at the input and at the output of the waveguide; as an example, the case of the (1,2,2,1) modal combination is considered. For the
SFWM, the setup is exactly the same, except for the lack of the input signal.
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κν �
n�ων�2

R
A0
jEν�r,ων�j2dAR

A∞
nwg�r,ων�2jEν�r,ων�j2dA

: (12)

Consider that in the case of nonlinear optical processes the
FCs are mainly generated through two-photon absorption
(TPA), with the same density of electrons and holes; because
of this, we calculated the coefficients δαFC and δnFC as [9]

δαFC � 14.5 × 10−18N , (13)

δnFC � −8.8 × 10−22N − 8.5 × 10−18N 0.8: (14)

Regarding the γ coefficients, with the labels a, b, c, d
referring to 1, 2, s, i,

γadcd � 3ωa
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffing ,ang ,bng ,cng ,d

p
4ε0A0c2

Γabcd , (15)

with ng ,ν the group index, ε0 the vacuum permittivity, and

Γabcd � A0

R
A0
E�
a �r,ωa�χ�3�..

.
Eb�r,ωb�E�

c �r,ωc�Ed �r,ωd �dAQ
ν�abcd

hR
A∞

nwg�r,ων�2jEν�r,ων�j2dA
i
1∕2 ,

(16)

where χ�3� is the third-order susceptibility. The other γ are
defined as γab � γabba and γa � γaaaa. In Eq. (9), the
higher-order modes are taken into account by using their field
profiles and effective index dispersions. We assumed the same
attenuation coefficient for all the waves. For further details
regarding Eq. (9), see Ref. [9].

C. Measurements and Results
We investigated several modal combinations for the intermodal
FWM: (1,2,2,1)-TE, (1,2,2,1)-TM, (1,1,2,2)-TE, (1,3,3,1)-
TE, and (1,3,3,1)-TM. Here we focus mainly on the
(1,2,2,1)-TE modal combination. We performed the measure-
ments on 15 different waveguides with the same nominal width
of 3.5 μm and 1.5 cm length. We measured an average
idler wavelength λ̄I � 1467.6 nm with standard deviation
σ � 3.5 nm. This finding is in agreement with the numerical
computed idler peak wavelength of 1467 nm. The deviation
from the computed value is mainly due to fabrication imperfec-
tions, which led to waveguide width different from the nominal
one. In Fig. 6(a) the spectrum of the SFWM for one of the
3.5-μm-wide waveguides is reported. In this particular case,
we measured λI � 1469 nm and λS � 1640 nm. The mea-
surement was performed with the input fiber at x � 0.83 μm,
a position that maximizes the product between the coupled
power on the first- and second-order modes. The input on-chip
peak pump power is about 3.1 W (2.1 W on the first-order
mode and 1.0 W on the second one). For this measurement,
the fiber-to-fiber losses are 17.9 dB or 22.6 dB, coupling at
the output the first or the second TE mode, respectively. For
this calculation, we are considering the input fiber fixed at
0.83 μm, with −5.7 dB total coupling losses for the pump.

To confirm the FWM origin of these peaks, we measured
the pump power dependence of their intensity. In Fig. 7, the
average on-chip generation rate is reported as a function of the
on-chip average pump power. The expected quadratic depend-
ence is measured for pump powers PP < 0.5 mW, see the inset
in Fig. 7, while for higher powers the efficiency of the process

decreases due to TPA, which depletes the pump power. We
estimate an average generation rate of 24.6� 0.8�MHz

mW2�P2
P

for the 3.5-μm-wide waveguide in the pump power range
0–0.5 mW. This measurement was performed by monitoring
the idler photon counts.

Fig. 6. (a) Spectra of the SFWM in a 3.5-μm-wide waveguide, with
the (1,2,2,1) combination and TE polarization. The pump is at
1550 nm. The different lines refer to the different positions of the
output fiber: the blue line refers to the spectrum measured with
the output fiber in the middle of the waveguide, and the red line refers
to the spectrum measured with the output fiber at 1.1 μm with respect
to the center of the waveguide. The two vertical arrows indicate a spu-
rious signal due to Raman scattering occurring in the input fiber.
(b) Intensity profile at the output facet of the waveguide, for the
peak at 1469 nm in (a). (c) Intensity profile at the output facet of
the waveguide, for the peak at 1640 nm in (a).
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Fig. 7. Average on-chip photon generation rate for the SFWM pro-
cess as a function of the on-chip average pump power. The blue circles
are the experimental measurements, while the red line is the quadratic
fit of the data belonging to the 0–0.5 mW range. The inset shows the
low pump power region.
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We verified the intermodal nature of the process by meas-
uring the spectrum with two different horizontal positions of
the output fiber. In fact, since the idler is generated on the first-
order mode and the signal on the second-order mode, accord-
ing to Fig. 4, we expect to observe the maximum intensity for
the idler when the output fiber position is x � 0 μm, i.e.,
in the middle of the waveguide, and the maximum intensity
for the signal when the position of the output fiber is at 1.1 μm,
i.e., when the coupling of the second-order mode is maximized.
In Fig. 6(a), the spectrum measured with the output fiber at
x � 0 μm exhibits only one peak at 1469 nm, the idler peak.
In fact, from simulation in Fig. 4, we expect, at x � 0 μm, a
negligible coupling efficiency for the second-order mode.
When the output fiber is placed at 1.1 μm, also the signal peak
appears at 1640 nm, as expected.

Another evidence of the intermodal nature of the SFWM is
the spatial profile of the generated idler and signal waves on the
output waveguide facet. To do this measurement, we set the
monochromator to resolve either the signal or the idler peak
wavelengths, and then we performed an intensity profile scan
on the output facet of the waveguide along the x axis (see
Fig. 5). In Figs. 6(b) and 6(c), we report the measured profiles
for the idler and signal, respectively, which exhibit the expected
one-lobe (first-order) and the two-lobe (second-order) shapes.

The stimulated FWM was measured in the same 3.5-μm-
waveguide with 1.5 cm length. An example of the measured
spectrum is shown in Fig. 8(a). For this measurement, the
on-chip input peak pump power was about 1 W (0.7 W on
the first mode and 0.3 W on the second) at 1550 nm, and the
input on-chip signal power was about 47 μW at 1640 nm on
the second-order mode. An idler peak at 1469 nm is generated
with −14.7 dBmaximum conversion efficiency [38], calculated
as the ratio between the on-chip idler peak power and the on-
chip signal power, evaluated at the end of the waveguide. The
input on-chip powers are estimated from the off-chip power

reported in Fig. 8(a) and considering the propagation and
coupling losses. Regarding the coupling losses, the measure-
ment reported in Fig. 8(a) was performed with the input fiber
at x � 0.83 μm and the output fiber at x � 0 μm.

By synchronously scanning the signal wavelength and the
monochromator wavelength according to the energy conserva-
tion equation, it is possible to measure the spectrum of the
sFWM. We considered again the stimulated intermodal FWM
with the (1,2,2,1) combination in the 3.5-μm-wide waveguide.

(a) (b)

Fig. 8. (a) Spectrum of the sFWM with the (1,2,2,1) TE intermodal combination in a 3.5-μm-wide waveguide. The stimulating CW signal at
1640 nm is converted into the pulsed idler at 1469 nm. The smaller peaks are spurious signals due to the OSA. (b) Spectrum of the stimulated idler
generation efficiency with the intermodal FWM combination (1,2,2,1) TE in a 3.5-μm-wide waveguide. The simulation was performed with a
3.66-μm-wide waveguide. The blue circles are the measured data, while the orange line is the simulation. This measurement was performed by
synchronously scanning the signal wavelength and the monochromator wavelength in order to read the idler power corresponding to the input
signal. The simulated spectrum was shifted by −3.3 dBm in order to match the experimental data.
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Fig. 9. Phase-matched wavelengths as a function of the waveguide
width for the (1,2,2,1) combination, TE polarization, and 1550 nm
pump. The experimental idler and signal are reported in blue and red,
respectively, while the corresponding simulated values are reported by
the light blue and orange points, where the lines are a guide for the eye.
The phase-matched signal wavelengths have been deduced by using
Eq. (1) and the measured idler wavelengths. For some widths (those
with the error bars), we performed repeated measurements (ten mea-
surements) on nominally identical waveguides. The theory and the
experiment are in agreement.
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Figure 8(b) compares the measured and simulated spectra of
the stimulated idler. A good agreement is observed. The sim-
ulation considered a width of 3.66 μm for the waveguide in
order to match the peak wavelength. This could be due to a
difference of 0.16 μm with respect to the nominal 3.5 μm
width. The measured 3 dB bandwidth is 4.7� 0.2 nm,
compatible with the simulated 4.8 nm 3 dB bandwidth.

According to Eq. (4), it is possible to tune the phase-
matching position by controlling the effective index of the
modes involved in the intermodal FWM, i.e., by changing
the waveguide cross section. Therefore, we measured the inter-
modal SFWM with the (1,2,2,1) modal combination and TE
polarization in several waveguides, with widths ranging from 2

to 3.8 μm. Due to the use of the InGaAs detector, we could
only trace the evolution of the idler spectral position while we
computed the corresponding spectral position of the signal
imposing the energy conservation. As the waveguide width
is increased, the spectral distance between the signal and
idler reduces, as shown in Fig. 9. Figure 9 shows that the wave-
guide geometry and the spectral translation Δλ � λS − λI are
tightly correlated, which allows an easy tunability of the
phase-matched wavelengths. Moreover, the intermodal phase-
matching approach allows for extremely large spectral transla-
tion in a narrow waveguide. An example is shown in Fig. 10,
where the SFWM spectrum for a 2-μm-wide waveguide
pumped at 1550 nm is shown. The generated idler is at
1202 nm, and the expected signal is at 2181.6 nm, resulting
in 979.6 nm spectral distance between signal and idler. This is
the largest detuning ever reported for FWM on a silicon chip
with a C-band pump source. Note that in Fig. 10, it is also
possible to see the anti-Stokes Raman peak at 1434 nm, which
can be used as a reference for the efficiency of the process.

We also investigated other modal combinations. We
performed the SFWM measurements in a waveguide with a
nominal width of 3.8 μm, with 1.5 cm length, observing peaks
corresponding to the modal combinations reported in Fig. 11.
Three spectra are shown, two for the TE combinations and one
for the TM combinations. The TE measurements were per-
formed with an on-chip peak power of about 16.1 W on
the first mode, 0.2 W on the second mode, and 0.4 W on
the third mode. The on-chip peak power for the TM case
was about 10.4 W on the first mode, 5.2 W on the second
mode, and 0.4 W on the third mode. The TE combinations
required two spectra, one with the output fiber at x � 0 μm
and one at x � 1.25 μm, in order to enlighten the different
modes involved in the combinations (1,3,3,1) and (1,1,2,2).
In fact, the idler on the first-order mode is better coupled when
x � 0 μm, while the idler of the second-order mode is when
x � 1.25 μm. Table 2 compares the measured and simulated

Fig. 10. Spectrum of the SFWM for the (1,2,2,1) combination, TE
polarization, and a 2-μm-wide waveguide. The pump is at 1550 nm
with an on-chip peak power of about 3.9 W (3.3 W on the first-order
mode, 0.6 W on the second one). The idler is generated at 1202 nm.
The peak at 1434 nm is the anti-Stokes peak of the Si Raman scatter-
ing. The two vertical arrows indicate the spurious signals due to
Raman scattering occurring in the input fiber.

Fig. 11. Spectra of intermodal SFWM in a 3.8-μm-wide waveguide. Both TE and TM measurements are reported. The position of the output
fiber is reported in the legend. The peaks refer to the indicated combinations. The pump is at 1550 nm.
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idler wavelengths for the combinations shown in Fig. 11. A
good agreement is observed.

4. CONCLUSIONS

In this work we demonstrate on-chip intermodal FWM. By
measuring both spontaneous and stimulated FWM via inter-
modal phase-matching in SOI waveguides, we proved a new
on-chip approach to large spectral translation. The intermodal
approach allows for broadband and tunable phase matching,
which we exploited to achieve spontaneous generation of
1202 nm light in a 2-μm-wide waveguide, with 979.6 nm spec-
tral distance with respect to the twin signal photons or with
348 nm spectral distance with respect to the 1550 nm pump
photons. Moreover, since the phase matching with higher-order
modes does not rely on the fourth-order dispersion coefficient
β4 of the GVD, the phase-matched wavelengths are less
affected by fabrication imperfections with respect to discrete
band phase matching based on the compensation of the
higher-order GVD terms. The multimode waveguides are
larger than common single-mode waveguides, with lower losses
and less issues in terms of relative deviations from the nominal
waveguide dimensions. Involving higher-order modes in the
FWM process clearly negatively affects the efficiency of the pro-
cess, which reduces with the decreased mode field overlap.
Despite this lower efficiency with respect to common intramo-
dal FWM, the intermodal approach enables larger spectral
translations and opens new functionalities for technologies
involving higher-order modes. Moreover, we measured several
modal combinations, demonstrating the flexibility of the inter-
modal FWM, whose application is not limited at the first two
order modes.

Nonetheless, intermodal FWM can provide a suitable
mechanism for the creation of heralded single-photon sources
where the large spectral distance between the involved photons
allows an easy filtering of the pump photons and the use of
optimized single-photon detectors. The approach here pro-
posed has been demonstrated by using silicon photonics; how-
ever, it can be easily extended to other classes of materials.
Specifically, the use of other materials is relevant to overcome
the detrimental effect of TPA, which is particularly large in Si
waveguides.
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