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1. Introduction 

Silicon on insulator (SOI) technology offers an attractive platform for nonlinear photonic 
devices. With good optical confinement and large nonlinear coefficient, waveguide-based 
planar devices can be integrated with state of art integrated circuits. Recently, devices using 
nonlinearities of silicon, such as Raman amplifier [1, 2], Raman laser [3–5], parametric 
amplification, and wavelength convertors [6–11], have attracted significant attention. These 
novel devices have been demonstrated in silicon waveguides to assist optical signal 
processing at telecommunication band (λ~1.5µm). However, two-photon absorption (TPA) 
and free-carrier absorption have been the major impediments of efficiency in these devices. 

Mid wave infrared (MWIR), defined as wavelengths from 2µm to 6µm, has great potential 
in silicon because crystalline silicon has a good transparency window for wavelengths from 
1.2µm all the way to 6.6µm, and free-carrier absorption is being replaced by less efficient 
three-photon absorption processes at these wavelengths [12,13]. MWIR wavelengths have 
attracted a lot of attention on gas sensing, free space communication, and thermal imaging for 
both civil and military purposes due to the air transmission window from 2µm to 5µm. Up to 
date, light sources beyond 3µm are provided by quantum cascade lasers that are commercially 
available [14, 15]. Lasers from 2µm to 3µm are also accessible in holmium doped fibers 
(2.1µm and 2.9µm) [16, 17], thulium (1.8-2.3µm) [18] and erbium (2.7µm) [19]. Particular 
problems arise at these wavelengths due to limitations on detectors, and also limited 
modulation and amplification capabilities on lasers. Matured InGaAs receivers and detectors 
have limited detection wavelength up to 1.7µm (can be extended to 2.5µm with electronic 
cooling), and detectors for MWIR are usually bulky and required operating at cryogenic 
temperature. All optical signal processing devices and wavelength converters can greatly 
enhance the capabilities of sources and detectors at MWIR through bi directional wavelength 
conversion and linking the near-IR sources and detectors to the MWIR. 

Recently, Raman amplification in bulk silicon [20], waveguide design [21], and optical 
oscillator [8] has been demonstrated at MWIR. However, silicon in the previous experiments 
is either bulk silicon or waveguides fabricated on SOI wafers where the insulator material, 
silicon dioxide (SiO2), is opaque among most of the MWIR band [13, 22]. As shown in Fig. 1, 
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SiO2 has an attenuation coefficient of 10-100dB/cm in MWIR wavelengths except for the 2.9 

−3.5µm window [23]. Hence, alternative insulator materials or different waveguide structures 
have to be adopted for MWIR applications. Several possible solutions have been proposed 
such as free standing waveguide with air cladding and hollow core waveguides with Bragg 
reflector surroundings [24]. Alternatively, Soref et al also proposed that different substrates 
materials, such as silicon nitride or sapphire (Al2O3), can be used [25]. Since sapphire is 
transparent from visible to 5.5µm [23] and silicon on sapphire (SOS) wafer is commercially 
available, we choose sapphire as the substrate material. 

In this paper, we investigate the dispersive and nonlinear properties of silicon waveguides 
which are suitable for MWIR applications. In particular, we provide mode analysis and 
analytical modeling of silicon rib waveguides with sapphire substrate and air claddings. We 
show that dispersion engineering in these waveguides facilitate modulational instability based 
frequency band conversion that can create phase and amplitude replica of MWIR signals at 
wavelengths as low as 1.5um. Here, we show that dispersion engineered SOS waveguides can 

provide −10dB conversion efficiencies between 2.8µm and 6.2µm and between 1.5µm and 
4.5µm at pump intensities up to 1 GW/cm

2
. Waveguides with multiple zero-dispersion 

wavelengths (ZDWL) provide phase matching for pump wavelengths at both anomalous and 
normal dispersions due to higher-order dispersion. Further optimization of the waveguide 
geometry may facilitate ultra broadband frequency conversion in silicon waveguides. 

 

Fig. 1. 1dB/cm transmission spectrum of the materials for MWIR silicon devides. 

2. Theoretical consideration 

2.1 Kerr nonlinearity 

Kerr effect is a third-order nonlinear effect, which induces intensity-dependent refractive 
index change. It contributes to various nonlinear effects, such as self-phase modulation, cross-
phase modulation and four-wave mixing. At MWIR wavelengths, n2 will scale down with the 
increasing wavelength of operation. Previously, detailed theoretical models have been 
presented by Garcia et al. to describe the dispersion of third-order nonlinearity including 
phonon assisted TPA and Kerr nonlinearity in silicon [26–28]. The nonlinear index change n2 
can be calculated from TPA coefficient via Kramer-Kronig relation. However, the theoretical 
predicted Kerr coefficient is underestimating n2 measured experimentally in MWIR [29]. 
Since we have limited experimental data on n2 measurements, a curve fitting of theoretical 
calculations is applied to available experimental measurements that give us a conservative 
estimate of n2. Here we illustrate the scaling of n2 with respect to the photon energy that is 
normalized by the bandgap energy of silicon (i.e. hν/Eg where Eg is the bandgap energy of 
silicon) in Fig. 2. Results indicate that n2 scales down by factor of 2 from 2µm to 6µm. 
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2.2 Waveguide dispersion engineering 

Bulk silicon has a normal dispersion value at wavelengths up to >8µm. On the other hand, 
cladding materials commonly used in silicon photonic devices have anomalous dispersion that 
can facilitate dispersion engineering at planar silicon devices. For instance, Fig. 3 illustrates 
the material dispersion of silicon with two common cladding materials: sapphire and SiO2. 
Since sapphire also exhibits anomalous dispersion in MWIR region, sapphire cladding can be 
used to compensate silicon material dispersion. As a result, SOS bond well with low loss and 
low dispersion requirements for parametric devices envisioned at MWIR wavelengths. 

 

Fig. 2. Predicted n2 dispersion as a function of relative photon energy. 

 

Fig. 3. Material dispersion of silicon, sapphire, and SiO2. 

To determine the performance of these parametric devices, we need to calculate the mode 
profiles of silicon waveguides at a given wavelength for a given geometry. Here, channel and 
rib waveguides are used and sapphire, SiO2, and air are chosen to be the claddings materials, 
as illustrated in Fig. 4(a). We use finite element method (FEM) to solve the mode patterns at 
wavelengths from 1.1µm to 7µm. After the mode distribution is determined, the mode 
confinement factor, the effective waveguide index, and the modal area (Aeff) are calculated. 
For instance, Figs. 4(b) and 4(c) illustrate the mode profiles in a 1µm × 1µm rib waveguide 
with 500nm slab solved by FEM method at wavelengths of 2µm and 5µm, respectively. 
Figure 4(d) illustrates the size of the waveguides, which support 90% energy confinement in 
the silicon core, at various wavelengths. For instance, to confine 90% of energy in silicon core 
at 4µm, width and height of both channel and rib waveguides should be larger than 1.1µm. 
This confinement factor is particularly important to have effective interaction between pump 
and Stokes wave and to have large effective nonlinearity. The waveguides used in this paper 
are chosen to be around 1.1µm by 1.1µm to confine 90% energy for all the wavelengths 
launched into the waveguide. State of art silicon nanowires will not support good confinement 
at longer wavelengths and hence they are not suitable for long wavelength operations. 

#131729 - $15.00 USD Received 15 Jul 2010; revised 4 Sep 2010; accepted 23 Sep 2010; published 1 Oct 2010
(C) 2010 OSA 11 October 2010 / Vol. 18, No. 21 / OPTICS EXPRESS  21984



 

Fig. 4. (a) The proposed waveguide structure and the mode profiles of the rib waveguide at (b) 
2µm and (c) 5µm. (d) Waveguide size that can support 90% confinement in silicon region at 
MWIR wavelengths. 

The dispersion D (or β2) profile of the waveguides is calculated by using effective index 

neff at various wavelengths:  

 ( )
( )2

22 2

2 eff
d nc

D
c d

λπ λ
β ω

λ λ
= − =  (1) 

In particular, we are interested in the dispersion profile that can provide phase matching 
and facilitate frequency band conversion. The dispersion profiles of 1µm by 1µm channel 
waveguides with air, silica, and sapphire cladding are shown in Fig. 5(a). Here we obtain 
anomalous dispersion profile up to 5µm for all cladding materials but the dispersion profile is 
not suitable for phase matching. The dispersion of a 1µm by 1µm waveguide rib waveguide is 
estimated to be D<200ps/km/nm for wavelengths from 2µm to 6µm with both air and 
sapphire cladding, as shown in Fig. 5(b). These low dispersion values are particularly 
important and are suitable for broadband continuous wavelength conversion in the presence of 
high nonlinearity. Moreover, the dispersion can be “flattened” by changing the slab height in 
rib/ridge waveguides, as shown in Fig. 5(c). This is particularly important since a flat 
dispersion profile provides low phase mismatch within a longer wavelength span, which is 
favorable to achieve broadband wavelength conversion. 

Further dispersion engineering can be achieved by scaling the waveguide dimensions. For 
instance, ZDWLs of the TE mode can be controlled from 2.8µm to 4.9µm in the rib 
waveguide on air cladding, Figs. 6(a) and (b), by increasing the cross sectional area from 
0.8µm

2
 to 1.6µm

2
 with the same slab region. Also, the dispersion in these waveguides can be 

maintained within ~200ps/nm/km at wavelengths from 2µm to 5µm. The results indicate that, 
with similar waveguide geometry, the waveguide dispersion and hence the total dispersion of 
the silicon waveguide can be drastically changed to provide a means to control the ZDWL. 
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Fig. 5. (a) The calculated dispersion of channel waveguide with air, sapphire and SiO2 as 
cladding materials. (b) Dispersion for rib/ridge waveguide with sapphire substrate and air and 
sapphire cladding. (c) Dispersion varies with the slab height of rib waveguide with sapphire 
substrate and air cladding. 

 

Fig. 6. Dispersions of the SOS rib waveguide with air cladding for (a) TE and (b) TM mode. 

2.3 Four-wave-mixing at MWIR 

The theory behind FWM process is well investigated. FWM process can be described by the 
following coupling equations [8, 30, 31]: 

 ( ) ( )
2 2 2 *2 2 2 exp

p

p p pi i ps s p FWM i s p Linear

A
i A A A A A A A i kγ γ γ γ

∂
= + + + ∆

∂
z

z
 (2) 

 ( ) ( )
22 2 2 *2 2 expi

i i is s ip p i FWM p s Linear

A
i A A A A A A i kγ γ γ γ

∂
= + + + − ∆

∂
z

z
 (3) 

 ( ) ( )
22 2 2 *2 2 exps

s s si i sp p i FWM p i Linear

A
i A A A A A A i kγ γ γ γ

∂
= + + + − ∆

∂
z

z
 (4) 

#131729 - $15.00 USD Received 15 Jul 2010; revised 4 Sep 2010; accepted 23 Sep 2010; published 1 Oct 2010
(C) 2010 OSA 11 October 2010 / Vol. 18, No. 21 / OPTICS EXPRESS  21986



Here, subscripts p,s,i represent pump, signal, and idler, parameters Ap, As and Ai represent 
the electric field amplitude of pump, signal and idler waves, respectively. The first term on 
the right represents the nonlinear term pertinent to the nonlinear phase modulations where 
self-phase modulation is caused by nonlinearity coefficient γx (x = p, s, i) and cross-phase 
modulation is caused by the nonlinearity coefficient γxy (xy = ps, si, pi). The second term in 
the equations represents four-wave mixing where γFWM is the nonlinear coefficient involved 
with pump, signal, and idler. The nonlinearity coefficients, γ, is proportional to Kerr index n2 
and it is calculated as γ =2πn2/λAeff. Here, the nonlinear coefficient is determined by using the 
dispersion relationship mentioned in section 2.2. To obtain γxy, we use the Kerr coefficient at 

the averaged frequency, ( ) 2xy x yω ω ω= +ɶ . For γFWM, Kerr coefficient at pump frequency is 

used. The effective area, Aeff, is calculated from the overlap integral of all the involved modes. 
The Eqs. (2)(3)(4) are usually solved using numerical method but a simple analytical 
expression can be obtained by assuming undepleted pump case where the parametric gain g 
can be found as: 

 ( ) ( )
1

2 2 2
2FWM pumpg P kγ = − ∆  

 (5) 

Finally, the parametric gain can be found [32]: 

 
( )
( )

( )
2

1 sin h
0

FWM pumps

s

PP L
G gL

P g

γ 
= = +  

 
 (6) 

here L is the interaction length. The parametric conversion efficiency Gc can be written as 

 1
c

G G= −  (7) 

In order to achieve phase matching, the aggregate phase shifts k∆ due to linear and 

nonlinear effects should be minimized. ∆k can be written by dividing the source of the phase 
shift: 

 k k k
linear nonlinear

∆ = ∆ + ∆  (8) 

here the difference in propagation constant (∆kLinear) between pump, signal, and idler waves is 

calculated as: 2
linear signal idler pump

k k k k∆ = + − , where kpump, ksignal, kidler represent the propagation 

constants of pump, signal and idler waves, respectively. The nonlinear phase mismatch 
∆knonlinear = 2(γip + γsp - γip)Ppump are induced by the Kerr nonlinearity. And also from the 

conservation of energy 2
pump signal idler

ω ω ω= +  is required. To achieve net gain, the total phase 

mismatch term ∆k should be reduced to zero and the nonlinear phase shift ∆knonlinear can be 
compensated by the negative wave vector mismatch ∆klinear and the maximum parametric gain 
g = γPpump is achieved. Conventionally, only second-order dispersion is considered in the 
analysis and higher-order dispersions are ignored. Under this assumption, the phase matching 
can be achieved at anomalous dispersion region. Since SOS waveguides exhibit a dispersion 
profile with multiple ZDWLs and large frequency range are considered, higher order 
dispersions also have significant contribution to the phase mismatch. Here, we simply use the 
total phase mismatch ∆k defined by Eq. (7). 

The propagation constants of the SOS waveguides are calculated by solving the mode 
using finite-element method (COMSOL). By calculating the total phase mismatch in SOS 
waveguides, we found that the phase-matching condition ∆k =0 can be satisfied not only near 
the pump wavelength, but also at the discrete bands which are 2µm away from the pump 
wavelength. This behavior has been shown in photonic crystal fibers with similar dispersion 
profiles [33] and proposed in silicon waveguides at communication wavelengths [8, 9]. 
However, mode profiles of previous proposed silicon waveguides are not suitable for MWIR 
operations. 
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3. Wavelength conversion 

Discrete and continuous wavelength conversion with silicon waveguide and sapphire cladding 
is demonstrated in dispersion optimized silicon waveguides. In conventional frequency 
conversion, phase matching is achieved in a continuous band of frequencies starting from 
pump, and hence the wavelength conversion is limited to signals at the vicinity of the pump 
wavelength. To achieve this goal, pump is usually placed near the zero dispersion wavelength 
of the waveguide. In the discrete band conversion, the pump is placed away from the zero 
dispersion wavelength to achieve phase matching between discrete set of frequencies far away 
from the pump wavelength. For instance, we use a 10mm long, 1.3µm

2
 (1.14µm×1.14µm) 

single mode silicon waveguides with 500nm slab height to support long wavelength 
operations and built on SOS with air cladding. Unlike conventional wavelength conversion, 
the nonlinear dispersion profile is being utilized by using a pump laser 700nm away from the 
ZDWLs, as shown in Fig. 7(a). The conversion efficiency in Fig. 7(a) is calculated using the 

formula presented by section 2.3. Here, the phase-matching condition, ∆k≅ 0, is satisfied not 
only around the pump wavelength at 3.7µm but a discrete wavelength bands centered at 
2.8µm and 6.2µm, Fig. 7(a). The conversion band is estimated to be 15 nm at 6.2µm and the 

modulation instability and generate is −8dB, −30dB and −50dB conversion 1nm at 2.8µm. 
Since the gain coefficient g is a real number we also achieve efficiencies for pump intensity of 
1GW/cm

2
, 0.1GW/cm

2
, and 0.01GW/cm

2
, respectively. We also show that using the same 

waveguide geometry with different pump wavelengths we can tune the center wavelength of 
the signal conversion band from 6µm to 4.5µm, and center wavelength of idler conversion 
band from 2.5µm to 4µm. Figure 7(b) illustrates the center wavelength of conversion band 
with respect to pump wavelengths varying from 3.6µm to 4.15µm with 1GW/cm

2
 pump 

power. It is clear that with this approach the phase matching to convert wavelengths separated 
by more than 3.5µm is feasible. In addition, 3.7-4.2µm wavelengths can be provided by 
quantum cascade lasers [34]. Additionally, using the low dispersion profile of SOS waveguide 
we can also achieve continuous band conversion at the vicinity of the pump laser. 

 

Fig. 7. (a)The conversion efficiency for 3.757µm pump wavelength which shows a discrete 
parametric conversion from 6.2µm to 2.8µm. (b) Phase matching wavelengths (∆k=0) for 
various pump wavelengths. 

In addition to conversion within mid-IR, wavelength conversion between MWIR and 
telecommunication wavelength has great potential for MWIR detection and free space 
communication applications. By scaling the waveguide dimension from 1.3µm

2
 to 1µm

2
, we 

find that the phase-matching condition can be satisfied between 1.5µm and wavelengths from 
4µm to >5µm in a 10mm long, 1µm by 1µm waveguide with 500nm slab height. The 
dispersion of the TE mode in such waveguide is shown in Fig. 6(a). 

Figure 8(a) illustrates the calculated wavelength conversion profile for pump laser at 
2.3µm. We achieved discrete band conversion between 1.55 µm and 5.1µm. The conversion 
efficiencies of varies pump intensities are illustrated in Fig. 8(a). While the pump is at 

2.35µm, −20dB conversion efficiency is achievable with 0.1 GW/cm
2
 and. The conversion 
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efficiency increases to −3dB when the pump intensity is increase to 1GW/cm
2
, as shown in 

Fig. 8(a). Here, the conversion bandwidth is estimated to be 20nm at 5.1µm and 2nm at 
1.5µm. Similar to previous case, we can achieve discrete band conversion by using different 
pump wavelengths from 4µm to 5.2µm in 1µm

2
 waveguide. For instance, Fig. 8(b) illustrates 

the center wavelengths of the discrete bands that satisfy the phase matching and provide 
wavelength conversion with respect to different pump wavelengths. The center wavelength of 
the signal band can be tuned from 1.48µm to 1.6µm and center wavelength of the idler band 
can be tuned from 4.2µm to 5.2µm, with pump wavelength changed from 2.18µm to 2.38µm 
and 1GW/cm

2
 pump power. Note that since pump is below the half of the silicon bandgap, 

pump is free from degenerate TPA. However, non-degenerate TPA between signal and pump 
will show up as the dominant nonlinear loss mechanism. For instance, for pump intensities of 

1GW/cm
2
 the nondegenerate TPA [35] may introduce −2.5dB/cm loss for short wavelength 

signals. The wavelength conversion with pump wavelengths above 2.34µm will still provide 
conversion of mid-IR signals to short wavelengths that can be detected standard telecom 
detectors based of InGaAs. Three photon absorption (3PA) is also present in the system, but 
as a simple calculation using the measured 3PA coefficient from Ref [29] shows that the 3PA 
loss and FCA are negligible at these intensity levels. 

 

Fig. 8. (a) Conversion efficiency for 1GW/cm2, 0.1GW/cm2, and 0.01GW/cm2 pump intensity 

at 2.4µm. The maximum conversion efficiency is 0dB, −20dB, and −40dB, respectively. (b) 
Phase matching condition (∆k=0) for 1µm rib waveguide. 

4. Summary 

Wavelength conversion in silicon has great potential for next generation optical 
communication and sensing applications at MWIR wavelengths. In particular, sapphire 
cladding can provide low loss waveguides suitable for operation at those wavelengths. Here 
we illustrate the prospect of these waveguides for parametric process at long wavelengths. We 
show that by manipulating the waveguide dimensions, the ZDWLs can be tuned from 4 µm to 
5 µm. We estimate that >3µm discrete wide-band conversion in mid-IR achievable at 3.7µm 
pumping with ~-10dB conversion efficiency in a 1cm long waveguide with intensity at 
1GW/cm

2
. We also show that wavelength conversion from 4 to 5µm to telecommunication 

wavelengths are possible for high sensitivity detection and source generation at MWIR. 
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