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Silicon photonics has shown great promise as an integrated solution for efficient 

nonlinear optical interactions in compact, chip-scale devices. While there has been 

much work over the past decade on developing a variety of all-optical devices for 

telecom applications, an emerging area of research focuses on extending the 

operational wavelength of such devices to the mid-infrared (MIR) regime. By 

leveraging enhanced nonlinear optical effects and exploiting reduced losses at longer 

wavelengths, silicon photonic technology may be extended into a new realm of 

applications at MIR wavelengths. 

 

 In this thesis we investigate nonlinear optical phenomena in silicon 

nanowaveguides for the MIR wavelength region. We present a numerical analysis of 

broadband four-wave mixing (FWM) and supercontinuum generation (SCG) in silicon 

nanowaveguides in the 2-μm region. We demonstrate for the first time continuous-

wave FWM-based wavelength conversion between the telecom and MIR wavelength 

ranges. We also demonstrate the first silicon-based, octave-spanning supercontinuum 

(SCG) as well as the longest wavelength generated via SCG on a silicon chip. Next we 

numerically investigate silicon microresonator-based optical frequency combs using a 

modified Lugiato-Lefever model and discuss the implications of nonlinear loss effects, 

identifying regimes in the MIR in which broadband parametric oscillation may be 

achieved. While much of this work focuses on the silicon-on-insulator (SOI) platform 



 

and silicon dioxide or air claddings, we also introduce a novel waveguiding platform 

for wavelengths beyond 3 μm. We design and fabricate devices using standard SOI 

wafers with a top cladding of silicon nitride and demonstrate broadband FWM near 2 

μm.
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CHAPTER 1 

INTRODUCTION 

 

Photonics, the science of light, describes the generation and manipulation of photons, 

and is poised to play a key role in the advancement of next-generation technologies. 

With the invention of the laser in 1960 [1] and the subsequent realization of low-loss 

optical fibers [2, 3], the field of photonics has yielded impressive advances in optical 

communication systems and has given rise to our modern-day information technology 

revolution. While photonics has traditionally referred to the manipulation of light for 

use in telecommunications, the field has since expanded to encompass a wide range of 

applications, including computing, security, sensing, manufacturing, and medicine. 

Inspired by achievements in microelectronic integrated circuits, integrated optics has 

been proposed as a solution for on-chip integration of high-bandwidth optical 

components, such as lasers, modulators, and filters [4]. This large-scale consolidation 

of multiple optical components onto a single monolithic device would enable 

reductions in packaging complexity, cost, size, and power consumption. 

 

1.1 Silicon photonics 

 

Early efforts to develop a practical integrated photonic platform have focused on 

direct bandgap semiconductors such as gallium arsenide [5] and indium phosphide [5, 

6]. Silicon has been traditionally thought to be a poor photonic material due to its 

indirect bandgap, which poses limitations for active optoelectronic functionality such 

as light emission and optical amplification. More recently, however, Raman lasing [7] 

and four-wave mixing-based parametric gain [8] have been demonstrated in silicon, 

making it an extremely promising material candidate for integrated photonics. 
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 Over the past decade, significant progress has been made to advance silicon as 

the photonic platform of choice [9-13], since this technology would be able to 

leverage the mature and large-scale manufacturing base of existing complementary 

metal-oxide-semiconductor (CMOS) fabrication processes. Due to the high refractive 

index of silicon          , optical waveguides exhibit a large refractive index contrast 

between the silicon core and silicon dioxide (SiO2) cladding, enabling strong 

confinement of the optical mode and compact device footprints. This confinement 

introduces significant waveguide dispersion, allowing fine control of the 

nanowaveguide group-velocity dispersion (GVD) [14-16]. 

 

 

Figure 1.1: Simulated GVD for the TE mode of silicon nanowaveguides with a 

ranging of cross sections. GVD for bulk silicon is shown in grey. 

 

 Bulk silicon exhibits large, normal GVD at near-infrared (NIR) and mid-

infrared (MIR) wavelengths, and although the GVD tends toward zero with increasing 

wavelength, it remains normal from 1.36 μm to 11 μm, the wavelength range 
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measured by Salzberg and Villa [17]. However, nanowaveguides with dimensions on 

the scale of the optical wavelength can introduce enough waveguide dispersion to 

compensate the intrinsic material dispersion of silicon and even result in regions of 

anomalous GVD (Fig. 1.1). Consequently, proper engineering of the nanowaveguide 

cross section can facilitate broadband nonlinear optical phenomena such as four-wave 

mixing (FWM) [8, 18-20], supercontinuum generation (SCG) [21, 22], and optical 

parametric oscillation [23-26]. An in-depth discussion on the role of dispersion for 

each of these processes will be presented in following chapters. 

 

1.2 Nonlinear optics in silicon nanowaveguides 

 

Nonlinear optical processes in silicon are governed by the third-order susceptibility 

    . The real and imaginary parts of      give rise to the nonlinear index n2 and the 

two-photon absorption (2PA) coefficient     . These processes are intensity-

dependent, and can influence the refractive index n and absorption α of the material 

through the relations  

 

           (1.1) 

             (1.2) 

 

where n0 and α0 are the linear refractive index and absorption coefficient, respectively, 

n2 is the nonlinear index, β2PA is the 2PA coefficient, and I is the optical intensity. 

These nonlinear parameters have been experimentally measured and are presented in 

Fig. 1.2 [27-31]. 
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Figure 1.2: Measurements of 2PA coefficient β2PA and nonlinear index n2 for silicon. 

Figures taken from Bristow et al. [31]. 

 

 The data show that the 2PA coefficient decreases with increasing wavelength 

beyond 1.2 μm and drops to zero for wavelengths beyond 2.2 μm, which corresponds 

to half of the bandgap energy of silicon. The solid red curve in Fig. 1.2 represents a 

best fit for the theoretical dispersion curve of the degenerate β2PA based on calculations 

by Garcia and Kalyanaraman [32]. The calculations include “forbidden-forbidden,” 

“allowed-forbidden,” and “allowed-allowed” optical transitions, and the fit appears 

consistent with measured data after the inclusion of a scaling factor [31]. In addition, 

the data show that the nonlinear index exhibits a local maximum near 1.9 μm before 

decreasing at longer wavelengths. The dashed red curve in Fig 1.2 is a guide to the 

eye, and the solid blue curve is a theoretical estimate based on the Kramers-Krönig 

transformation of the nondegenerate β2PA. This expression is given by [31] 

 

       
 

 
 
        

  

  
        (1.3) 

 

with the approximation         
                 . Both the measured data 

and theoretical approximation peak near 1.9 μm, but have greatly differing values. The 
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authors attribute the discrepancy to the neglect of Raman and quadratic stark 

contributions in the Kramers-Krönig transform along with the simple approximation 

for the nondegenerate         
   [31]. 

 

 The nonlinear index n2 of silicon is 4 x 10
-14

 cm
2
/W near telecom wavelengths 

[29, 31], which is approximately 200 times that of silica glass [19]. It is this large 

nonlinear index, in conjunction with the refractive index discussed in the previous 

section, which enables efficient nonlinear optical interactions in silicon at relatively 

low power levels [33-35]. To date, many nonlinear optical processes have been 

demonstrated in silicon nanowaveguides, including self-phase modulation (SPM) [36-

38], cross-phase modulation (XPM) [39-41], FWM [8, 42-49], SCG [50], and 

stimulated Raman scattering (SRS) [7, 51-54]. Since these devices have been designed 

for the NIR wavelength regime around 1.55 μm, they are fundamentally limited by the 

presence of 2PA and the resulting free carriers. 

 

 

Figure 1.3: Schematic of TPA process in silicon leading to generation of free carriers 

for NIR and MIR pumps. Figures taken from Jalali [55]. 

 

 2PA is a nonlinear process in which two photons are absorbed to excite an 

electron from the valence band to the conduction band (Fig. 1.3). The generated free 
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carriers can then cause additional loss through free-carrier absorption (FCA) and can 

also change the refractive index through free-carrier dispersion (FCD). At high 

intensities, a population of free carriers can accumulate, resulting in significant optical 

loss. While 2PA and free-carrier effects have been leveraged to realize all-optical 

signal processing functionalities [56-59], these effects are generally detrimental to the 

majority of nonlinear optical processes [18, 36, 37, 50, 60-63]. 

 

1.3 Silicon in the mid-infrared regime 

 

Though much of the rapid progress of silicon photonics has occurred at telecom 

wavelengths, the inherent advantages of material transparency and high nonlinearity 

are still present at longer MIR wavelengths (Fig. 1.4) [64, 65].  Consequently, there 

has recently been great interest in leveraging this technology for MIR applications. In 

this thesis we focus on the 2 – 5 μm wavelength range. The motivation is twofold; on-

chip integration with well-developed telecom components and improved efficiency 

due to reduced nonlinear losses. 

 

 

Figure 1.4: Regions of optical transparency for typical waveguide core materials. 

White regions correspond to wavelength ranges over which propagation 

loss is less than 2 dB/cm. Figure taken from Soref [65].  
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 Currently, there are few commercially available monolithic sources and 

detectors which work well at room temperature over the 2 – 5 μm wavelength range. 

There have been several promising research efforts to develop MIR sources, including 

quantum cascade lasers [66, 67], fiber lasers [68-70], solid-state lasers (e.g., Cr
2+

-

doped lasers) [71, 72], and nonlinear wavelength conversion of mode-locked lasers 

[73-75]. In addition, waveguiding architectures such as silicon-on-sapphire [76, 77] 

and germanium-on-silicon [78] have already been realized. In light of these recent 

developments, it is clear that on-chip integration of active and passive devices for the 

MIR region using silicon-on-insulator (SOI) technology would enable a level of 

performance, compactness, and robustness not readily obtainable. 

 

 An additional benefit arises from the reduced 2PA in silicon at MIR 

wavelengths beyond    2.2 μm (Fig. 1.2). Furthermore, the generation rate of free 

carriers is significantly reduced due to the lower number of available electron states 

(Fig. 1.3), and thus FCA is mitigated as well. The nonlinear figure of merit (FOM) is 

defined as                , and several values over different wavelength regions 

are given in Table 1.1. There is clear improvement by nearly as order of magnitude as 

the operating regime is increased beyond telecom wavelengths. 

 

λ  (μm ) 1.55 1.8 > 2 

FOM 0.4 1 > 3 

Table 1.1: Nonlinear FOM over NIR and MIR wavelengths. 

 

 

 

 



 

8 

 This combination of negligible 2PA and a strong n2 near 2 μm has been 

exploited to demonstrate significantly improved efficiencies for silicon-based 

nonlinear processes, including FWM gain [79, 80], broadband SCG [81, 82], Raman 

amplification [83], and optical parametric oscillation [84]. Moving to longer 

wavelengths can improve the efficiency of nonlinear processes even further. Although 

the material nonlinearity n2 is slightly lower beyond 2.4 μm than at telecom 

wavelengths (Fig. 1.5), there exists a key advantage due to the lack of significant 2PA. 

Multiphoton absorption is still present in the form of three-photon (3PA) and four-

photon absorption (4PA), but the effect is much less severe [85, 86].  

 

 

     

Figure 1.5: (a) Measurements of nonlinear index n2 taken from Bristow et al. [31] and 

Gai et al. [86]. (b) Measurements of 3PA coefficient β3PA taken from Pearl 

et al. [85]. 

 

 The opportunities for silicon photonics in the MIR regime are abundant, and 

include applications in astronomy, chemical and biological spectroscopy, and free-

space communications. For example, photonic technology has led to a reduction in 

size, weight, and complexity of astronomical instrumentation, and has the potential for 

an even larger impact at MIR wavelengths where interesting celestial objects can be 
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observed [87]. In addition, a large variety of chemical and biological substances 

exhibit strong fundamental vibrational absorption bands in the 2.5 – 25 μm range [88], 

where integrated photonics can provide a compact, chip-based sensing and detection 

solution. Even conventional high-speed telecom networks can benefit from 

development in the MIR, since an atmospheric transmission window exists at 3 – 5 μm 

[89]. Furthermore, the dominant loss mechanisms for these links arise from light 

scattering and scintillation which become mitigated with increasing wavelengths [90], 

making this regime an attractive prospect for free-space optical propagation links. 

 

1.4 Thesis layout 

 

In this thesis, we present recent work on nonlinear optical phenomena in silicon 

nanowaveguides for the MIR wavelength region. In Chapter 2, we introduce the 

numerical and experimental techniques used throughout this thesis. In Chapter 3, we 

present a numerical analysis of FWM in the 2-μm region, including nonlinear loss 

effects. In addition, we report the design and fabrication of silicon nanowaveguides 

and the demonstration of broadband, CW wavelength conversion between the telecom 

and MIR wavelength ranges. In Chapter 4, we report silicon-based, octave-spanning 

SCG characterized by soliton fission and dispersive wave generation. We also present 

a numerical analysis of the effects of 3PA and free-carrier effects on SCG and discuss 

the results from both low- and high-repetition-rate sources. In Chapter 5, we present 

an investigation of silicon microresonator-based frequency combs using a Lugiato-

Lefever (LL) model modified to include multiphoton absorption and free-carrier 

effects, and discuss the implications of operating in the telecom and MIR wavelength 

ranges. In addition, we identify regimes in the MIR in which silicon microresonator-

based broadband parametric oscillation may be achieved. In Chapter 6, we introduce a 
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novel waveguiding platform which uses standard SOI wafers, but has a top cladding of 

silicon nitride, transparent up to 6.6 μm. We also report the design, fabrication, and 

characterization of these nanowaveguides and the demonstration of broadband FWM 

near 2 μm. In Chapter 7, we present a summary of this work and a discussion on 

potential future directions for silicon-based nonlinear optics in the mid-infrared 

regime. 
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CHAPTER 2 

NUMERICAL AND EXPERIMETAL TECHNIQUES 

 

2.1  Nonlinear Schrödinger equation 

 

In the following chapters we investigate a variety of nonlinear optical processes, 

which can all be described by the nonlinear Schrödinger equation (NLSE). A 

commonly used form of the NLSE is given in the time domain as [1, 2] 

 

 
 

  
         

  
  
  

 

  
 
 

   

                          (2.1) 

 

where        is the slowly varying field amplitude,    are the k
th

-order terms in the 

Taylor expansion of the propagation constant             , with      the 

refractive index of the propagating mode,              is the nonlinear parameter, 

   is the nonlinear index, and      is the effective area of the propagating mode. This 

equation is expressed in the “retarded frame” through the transformation       

  , such that the frame of reference moves at the group velocity of the central 

frequency   .  

 

Equation 2.1 is a simplified version of the NLSE, which, for certain cases, can 

be solved analytically to gain an intuition behind the various nonlinear processes. 

However, accurate modeling of experimental conditions typically requires additional 

terms to account for non-negligible processes such as linear and nonlinear losses, self-

steepening, free-carrier effects, and Raman effects. Due to the interaction among the 



 

18 

nonlinear and linear processes, these terms introduce additional complexity to the 

NLSE, requiring computational methods for solution. 

 

2.2 Split-step Fourier method 

 

A common numerical approach to solving the NLSE is the split-step Fourier method 

(SSFM), which utilizes discrete steps in the time and frequency domain to separately 

address the nonlinear and linear terms, respectively [1]. Equation 2.1 can be rewritten 

as 

 

 
  

  
   

  
  
  

 

  
 
 

   

                    (2.2) 

 

where    and    are the linear and nonlinear operators, respectively. The linear operator 

   is modeled in the frequency domain, and includes dispersion effects and linear 

absorption. The nonlinear operator    is modeled in the time domain, and describes 

any intensity-dependent effects, such as the Kerr effect, multiphoton absorption, and 

free-carrier effects. 

 

 An approximate solution of the NLSE can be obtained by propagating the 

pulse over a small step of size h and treating the operators    and    independently. 

After propagation, the field is then given by 

 

                                 (2.3) 
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2.3 Experimental techniques 

 

In this section we describe several experimental techniques used throughout this thesis 

for free-space alignment of MIR beams and nanowaveguide
1
 characterization. The 

procedure for input coupling of a MIR source to a nanowaveguide is done using a pair 

of pinhole irises, a thermal power meter, thermal cards sensitive to MIR and NIR 

wavelengths, a telecom source (amplified spontaneous emission from an amplifier will 

also suffice), a lensed tapered fiber, a chalcogenide aspheric lens, and at least two 

metallic mirrors (e.g., silver) for beam steering. 

 

First the two pinhole irises are used to define the beam path of the MIR source. 

The first iris is placed immediately after the source, and the second is placed along the 

beam path a large distance away. By monitoring the transmitted power after each iris, 

fine adjustments are made to ensure that both irises are centered on the beam path. The 

irises and MIR source now remain fixed for the duration of the measurement, and all 

other beams will be adjusted such that they are collinear with the MIR source. 

 

Next the telecom source is propagated backwards through the setup and made 

collinear with the MIR source. The lensed tapered fiber is mounted on a high-

precision, three-axis translational stage and is used to couple the telecom source to the 

output facet of the nanowaveguide. Proper coupling to the nanowaveguide mode is 

ensured either by monitoring the transmitted mode profile on an infrared card or by 

monitoring the nanowaveguide from the top using an infrared camera. The telecom 

source is coupled out from the nanowaveguide using the aspheric lens mounted on a 

                                                 
1
 Nanowaveguides were fabricated by Professor Michal Lipson’s group at the Cornell NanoScale 

Facility at Cornell University. 
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second identical translational stage. Two metallic mirrors are used to steer the telecom 

beam through the pinhole irises, such that both the telecom and MIR sources are now 

collinear. Finally, the telecom source at the nanowaveguide output is replaced with an 

optical spectrum analyzer or Fourier-transform infrared spectrometer for analysis of 

the MIR signal transmitted through the nanowaveguide. 

 

For some experiments, such as the FWM measurement presented in Chapter 3, 

two MIR sources copropagate within the nanowaveguide. In such a case, first a beam 

splitter is placed near the output of the first MIR source. Then the first iris is placed 

after the beam splitter, and the MIR source is coupled into the nanowaveguide using 

the procedure outlined above. After the first MIR source has been properly aligned, 

the second MIR source is aligned through both irises using an additional mirror. 
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CHAPTER 3 

CONTINUOUS-WAVE FOUR-WAVE MIXING  

IN THE MID-INFRARED REGION 

 

FWM is a optical phenomenon by which two frequencies in a nonlinear medium 

interact to produce two additional frequencies, and is governed by the third-order 

nonlinear susceptibility      of the material [1, 2]. Using  FWM-based silicon devices, 

many useful all-optical signal processing functionalities have been demonstrated in the 

telecom band, including parametric amplification [3], wavelength conversion [4-8], 

signal regeneration [9], and parametric delay [10, 11]. While their efficiencies in this 

wavelength range are fundamentally limited by 2PA and FCA, relatively large 

amplification has been demonstrated in silicon photonic devices operating near 2.2 μm 

[12, 13]. 

 

 Other reports of MIR FWM in silicon nanowaveguides have used a pulsed 

pump source [12-15], but a number of applications, such as free-space 

communications, would require the use of a continuous-wave (CW) pump. A CW 

pump would facilitate wavelength conversion of a continuous data stream and allow 

transfer of amplitude and phase modulation between the signal and idler, enabling the 

creation and detection of modulated signals at MIR wavelengths where modulators 

and high-speed detectors are not readily available. In this chapter
2
, we present a 

numerical analysis of FWM in silicon nanowaveguides in the 2-μm region. We design 

and fabricate devices, and demonstrate broadband, CW wavelength conversion 

between the telecom and MIR wavelength ranges. 

  

                                                 
2
 R. K. W. Lau, M. Ménard, Y. Okawachi, M. A. Foster, A. C. Turner-Foster, R. Salem, M. Lipson, and 

A. L. Gaeta, Opt. Lett. 36, 1263 (2011). 
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3.1 Energy conservation and phase matching 

 

In this work, we consider degenerate FWM, in which two photons from a pump field 

at frequency    are converted to signal and idler photons at frequencies    and   , 

respectively, such that           (Fig. 3.1). The generation of these additional 

photons can therefore result in amplification of the original signal field as well as 

frequency conversion from the signal wavelength to the idler wavelength. 

 

Efficient FWM over broad bandwidths requires minimizing the phase 

mismatch due to the interacting pump, signal, and idler fields and the nonlinear effects 

introduced by the pump [3, 16, 17]. The propagating fields have a linear contribution 

to the phase mismatch given by              , and the pump has a nonlinear 

contribution given by          . Consequently, in order to minimize the total 

phase mismatch                             , the total linear 

contribution must be positive. Equivalently, the wavenumber of the pump must be 

slightly greater than the average of the signal and idler wavenumbers (Fig. 3.1). This 

condition corresponds to slightly anomalous GVD at the pump wavelength (i.e., 

pumping on the anomalous side of the zero-GVD wavelength), resulting in the linear 

phase mismatch compensating the pump-induced nonlinear phase shift. The ability to 

engineer the GVD of nanowaveguides, in addition to the large material nonlinearity of 

silicon, has enabled broadband parametric gain and wavelength conversion via FWM 

in CMOS-compatible devices. 
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Figure 3.1: FWM energy and momentum diagrams. The phase matching condition 

requires the wavenumber of the pump to be slightly greater than the 

average of the signal and idler wavenumbers. This corresponds to a 

regime of anomalous GVD. 

 

3.2 Numerical modeling of four-wave mixing process 

 

We model the FWM process in the silicon nanowaveguides using the following 

coupled differential equations for the pump   , signal   , and idler    fields [1, 16]: 
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where        
 
      is the pump intensity;      is the effective area of the 

nanowaveguide mode;     
 

,     
 , and     

  are the linear propagation loss coefficients 

at the pump, signal, and idler wavelengths, respectively;      is the 2PA coefficient at 

the pump wavelength;              is the linear phase mismatch;   ,   , and 

   are the wavenumbers of the pump, signal, and idler, respectively;   

             is the effective nonlinearity of the nanowaveguide;    is the nonlinear 

index coefficient; and    is the pump wavelength. The FCA coefficient due to 2PA is 

given by [18] 

 

                          
  

             
 

 

 
         

   
   (3.4) 

 

where      is the effective free-carrier lifetime,   is Planck’s constant,   is the speed 

of light in vacuum, and all numeric quantities are given in meters. 

 

3.3 Nanowaveguide design and fabrication 

 

The GVD for the fundamental transverse electric (TE) mode of the nanowaveguides is 

modeled using a custom finite-difference mode solver and is shown for varying cross 

sections in Fig. 3.2. The effective index values resulting from the mode solver are then 

used in numerical integration of Eqs. (3.1 – 3.3) to determine the optimal 

nanowaveguide dimensions for maximum FWM conversion bandwidth with a 2-μm 

pump source. We find that a cross section of 950 nm by 280 nm results in a zero-GVD 

wavelength of 1950 nm (inset, Fig. 3.2.), which is within the tuning range of our 

source. 
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Figure 3.2: Simulated GVD for the TE mode of nanowaveguides with widths ranging 

from 940 nm to 970 nm and a height of 280 nm. 

 

 The silicon nanowaveguides are fabricated
3
 on an SOI wafer with a 3-μm 

buried oxide and a 500-nm silicon layer. The silicon slab is thinned by wet oxidation, 

and the nanowaveguides are patterned with electron-beam lithography before being 

dry etched with SF6 chemistry and clad with 3 μm of SiO2 by PECVD. Inverted tapers 

narrowing to 250 nm are added to the input and output facets to facilitate coupling 

between the free-space and fundamental TE waveguide modes [19]. Each 

nanowaveguides is 1 cm long and designed in a spiral layout with a footprint of 1 

mm
2
. A silicon chip containing five such nanowaveguides is shown in Fig. 3.3. 

 

 

                                                 
3
 Fabrication done by Dr. Michaël Ménard in Professor Michal Lipson’s group at Cornell University. 
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Figure 3.3: Image of silicon chip containing five nanowaveguides, each having a 1 

mm
2
 footprint.  

 

3.4 Experimental demonstration of wavelength conversion 

 

The pump source used in the experiment is a high-power CW thulium fiber laser with 

a tuning range of 1940 nm to 1970 nm (IPG Photonics). Two different signal sources 

are used, the first a CW thulium fiber laser tunable from 1790 nm to 1970 nm 

(PicoLuz), and the second a CW Cr
2+

:ZnSe bulk laser tunable from 2200 nm to 2422 

nm (IPG Photonics). The TE polarization mode is selected for the pump and signal 

beams using a polarization beam-splitter cube and polarization controller, respectively. 

The pump and signal beams are combined with a pellicle beam splitter and coupled 

into the silicon nanowaveguide using an aspheric lens. The output of the 

nanowaveguide is coupled through a tapered fiber and sent to an optical spectrum 

analyzer (OSA) (Yokogawa). The experimental setup is shown in Fig. 3.4. 

  

 

Fig. 3.4: Experimental setup of FWM-based wavelength conversion. PBC, 

polarization beam cube; PBS pellicle beam splitter; Si WG, silicon 

nanowaveguide; OSA, optical spectrum analyzer. 
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 We first characterize the nanowaveguide loss using the cut-back method on a 

chip containing nanowaveguide with varying lengths [20]. At 1950 nm, the 

propagation loss and input/output coupling loss are estimated to be -1.7 dB/cm and -3 

dB/facet, respectively. 

 

 

Fig. 3.5: Theoretical (lines) and measured (dots) conversion efficiencies as functions 

of idler wavelengths for nanowaveguides of varying widths. 

 

 We investigate the dependence of parametric bandwidth on GVD by 

measuring the FWM wavelength conversion efficiency, defined here as the ratio of 

output idler power to output signal power. The nanowaveguide widths range from 940 

nm to 970 nm, the heights are all 280 nm, and the lengths are all 1 cm. For each 

nanowaveguide, the pump wavelength is fixed at 1950 nm, and the conversion 

efficiency is measured as the signal wavelength is continuously tuned from 1790 nm 
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to 1930 nm. The pump and signal powers inside the nanowaveguide are estimated to 

be 30 mW and 300 μW, respectively. The experimental results are plotted in Fig. 3.5 

along with the expected theoretical conversion efficiencies calculated in Section 3.2. 

 

 

Fig. 3.6: FWM showing -17.8 dB of conversion efficiency with 160 mW of CW pump 

power at 1950 nm. 

 

 We find that the theoretical conversion bandwidth using a 1950-nm pump is 

broadest for the nanowaveguide width of 950 nm, consistent with the dispersion 

profiles presented in Section 3.3. Furthermore, we observe excellent qualitative 

agreement between the measured and expected conversion bandwidths for the varying 

nanowaveguides, particularly the rapid decrease of the conversion efficiency beyond 

2.1 μm for the 970-nm-wide nanowaveguide. At these power levels, the measured 

peak conversion efficiency occurring at small signal-idler detunings is approximately  
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-30 dB, which is in good agreement with theoretical predictions. For an increased 

pump power of 160 mW, the maximum conversion efficiency is measured to be -17.8 

dB (Fig. 3.6). Further increase of pump power has resulted in damage of the 

nanowaveguides input tapers. Pump saturation due to nonlinear losses has not been 

observed at these power levels. 

 

 We next demonstrate broadband wavelength conversion using a 940-nm-wide 

nanowaveguide and 1940-nm pump, corresponding to the maximum theoretical 3-dB 

conversion bandwidth within our experimental constraints. Figure 3.7(a) shows the 

measured FWM spectra as the signal (thulium fiber laser) is tuned from 1792 nm to 

1928 nm. Figure 3.7(b) shows the corresponding measured and theoretical conversion 

efficiencies as functions of idler wavelength. Wavelength conversion occurs from the 

short-wavelength side of the pump to the long-wavelength side. With 25 mW of pump 

power, the conversion efficiency ranges from -31.7 dB to -34 dB, varying less than 3 

dB across the entire tuning range of the signal.  

 

 In order to demonstrate wavelength conversion over a broader bandwidth, the 

thulium fiber laser is replaced by the Cr
2+

:ZnSe bulk laser as the signal source. Figures 

3.7(c) and (d) show the measured FWM spectra and corresponding conversion 

efficiency, respectively, as the signal (Cr
2+

:ZnSe bulk laser) is tuned from 2172 nm to 

2422 nm. Here wavelength conversion occurs from the long-wavelength side of the 

pump to the short-wavelength side. 
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Fig. 3.7: (a) Measured FWM spectra as signal is tuned from (a) 1792 nm to 1928 nm 

and (c) 2172 nm to 2422 nm. Corresponding theoretical (lines) and measured 

(dots) conversion efficiencies are shown in (b) and (d). Theoretical 3-dB 

conversion bandwidth extends to 2515 nm.  

 

 We note that the longest signal wavelength of 2422 nm lies beyond the OSA 

detection limit of 2.4 μm. However, we observe the wavelength-converted idler as 

expected from energy conservation of the FWM process between the 1940-nm pump 

and 2422-nm signal, shown in black at 1619 nm in Fig. 3.7. The wavelength 

conversion from 2422 nm to 1619 nm corresponds to 803 nm of FWM bandwidth, and 

is limited only by the wavelength range of the signal lasers. The full 3-dB conversion 

bandwidth is shown theoretically to be 936 nm, spanning from 1579 nm to 2515 nm. 

The conversion efficiency across the tuning range of signal ranges from -27 dB to -33 

dB. Measured conversion efficiencies for the longer wavelengths are higher than 

expected, and may be attributed to inefficient collection of the signal power at the 
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nanowaveguide output. The output is collected with a silica tapered fiber designed for 

telecom wavelengths, and since the conversion efficiency is defined here as the ratio 

of idler to signal power at the nanowaveguide output, a reduction in detected signal 

power would give the appearance of increased conversion efficiency. 

 

3.5 Summary 

 

In this chapter we have reported the first demonstration of CW FWM in silicon 

nanowaveguides for the MIR region. We have designed and fabricated devices with a 

zero-GVD wavelength near 2 μm, enabling broadband wavelength conversion 

between telecom and MIR wavelengths. We have achieved experimentally a 

continuous FWM bandwidth across 803 nm, from 1619 nm to 2422 nm, and have 

shown theoretically a bandwidth across 936 nm, from 1579 nm to 2515 nm. 

Demonstrating their utility in potential free-space communications systems, these 

devices have also been used for data generation and reception in the 2-μm region [21]. 

Taken together, these results illustrate the potential for silicon photonics in a large 

range of MIR applications which require CW operation.  
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CHAPTER 4 

MID-INFRARED SUPERCONTINUUM GENERATION 

 

SCG is characterized by the spectral broadening of high-power, ultrashort pulses via 

propagation through nonlinear media, and has found many applications in frequency 

metrology [1], optical coherence tomography [2], and microscopy [3]. Photonic 

waveguides can greatly facilitate broadband SCG, since the modal confinement 

enables an enhanced nonlinearity and the potential for GVD engineering. While 

significant work on broadband SCG has been pioneered in microstructured optical 

fibers [4-9], the drive for an integrated, chip-based solution has led to the emergence 

of several attractive platforms, including chalcogenide glass [10, 11], high-index glass 

[12], silicon nitride [13], and silicon [14-16]. 

 

 As discussed in Chapter 1, silicon-based SCG suffers from the nonlinear loss 

mechanisms of 2PA and FCA at telecom wavelengths, though these effects can be 

mitigated by pumping beyond 2.2 μm. While SCG in the MIR wavelength range has 

been previously demonstrated in silicon nanowaveguides [15, 16], the generated 

spectra were limited to 1000 nm, since the broadening was dominated mainly by 

modulation instability. It is well known that larger bandwidths can be obtained by 

using femtosecond pump pulses in the anomalous GVD regime, resulting in spectral 

broadening dominated mainly by soliton-related dynamics [9]. It has been shown that 

the existence of zero-GVD wavelengths can result in the generation of dispersive 

waves on both the long- and short-wavelength sides of the pump, further broadening 

the generated supercontinuum [5, 6, 8]. In this chapter
4
, we present a fundamentally 

                                                 
4
 R. K. W. Lau, M. R. E. Lamont, A. G. Griffith, Y. Okawachi, M. Lipson, and A. L. Gaeta, Opt. Lett. 

39, 4518 (2014). 
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different SCG, characterized by soliton fission and dispersive wave generation across 

two zero-GVD wavelengths, and report the first silicon-based, octave-spanning SCG 

as well as the longest wavelength generated via SCG in a silicon nanowaveguide. In 

addition, we present a numerical analysis of the effects of 3PA and free-carrier effects 

on SCG and compare the results from both low- and high-repetition-rate sources. 

 

4.1 Numerical modeling of supercontinuum generation dynamics 

 

 

Figure 4.1: Simulated GVD for TE mode of nanowaveguide with cross section of 

1210 nm by 320 nm, resulting in anomalous GVD near 2.5-μm pump and 

zero-GVD wavelengths near 2.1 μm and 3.0 μm. Mode profile shown in 

inset. 

 

The silicon nanowaveguide is 1210 nm wide, 320 nm tall, and 2 cm long, and has 

been designed to facilitate broadband SCG through soliton fission and dispersive wave 
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generation using a 2.5-μm pump. The GVD for the fundamental TE mode is modeled 

using a custom finite-difference mode solver, as in the previous chapter, and is 

anomalous over the tuning range of the pump, with zero-GVD wavelengths near 2.1 

μm and 3.0 μm (Fig. 4.1). The nanowaveguide cross section and mode profile at 

         are shown in the inset. 

 

 We investigate the SCG spectral and temporal dynamics in the silicon 

nanowaveguide by modeling the pulse evolution using the following nonlinear 

Schrödinger equation, which includes 3PA and free-carrier effects [17-19]: 

 

 
  

  
  

 

 
       

  
  

   

   
   

 

    
 

  

 

  
          

    

     
 
       

 

 
           

 

 

(4.1) 

 

where        is the envelope of the electric field,   is the linear loss,    are the 

dispersion coefficients at the central frequency    of the pulse,         is the 

retarded time,                is the effective nonlinearity of the nanowaveguide, 

   is the nonlinear index coefficient,      is the effective area of the nanowaveguide 

mode,    is the pump wavelength,      is the 3PA coefficient,   and   are the FCA 

cross section and FCD parameters, respectively [20, 21], and    is the free-carrier 

density. The carrier generation rate is determined by 3PA, and the recombination rate 

is captured by an effective free-carrier lifetime     , such that 
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 We numerically solve Eqs. (4.1) and (4.2) using the split-step Fourier method 

[17], with values                 ,                   ,       

        , and      , as taken from literature [21-23]. We use a value of      

      for the free-carrier lifetime, taken as an upper estimate from the measurements 

of smaller but similar devices [24]. 

 

 

Fig. 4.2: Simulated SCG with          ,          , and        . Output 

supercontinuum spectrum (red), input pulse spectrum (black), and 

waveguide dispersion (blue) are shown at top. Spectral evolution along 

silicon nanowaveguide shown at bottom. 

 

 The spectral evolution of a hyperbolic secant pulse along the silicon 

nanowaveguide is simulated and presented in Fig. 4.2. The pulse properties are 

modeled from the OPO system described in Section 4.2. The pump wavelength, pulse 

width, and peak power are          ,          , and        , respectively. 
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We observe an initial stage of spectral broadening and temporal compression, 

followed by soliton fission halfway along the 2-cm-long nanowaveguide and the 

subsequent formation of short-wavelength and long-wavelength dispersive waves in 

the normal-GVD regime. The soliton number is a function of the characteristic 

dispersive and nonlinear length scales, given by              [9]. This 

corresponds to an expected soliton fission length of                , consistent 

with simulation results. For a soliton of peak power    and frequency     the 

frequency of the dispersive wave     satisfies the relation [9] 

 

       
  

    
                  

   

    
  (4.3) 

   

where      is the soliton group velocity at   . 

 

4.2 Experimental demonstration of supercontinuum generation 

 

The silicon nanowaveguides are fabricated
5
 on an SOI wafer as described in Ref. [25]. 

They are pumped near 2.5 μm with 300 fs pulses from an OPO at a repetition rate of 

80 MHz. The pulses have an average power of 3 mW and are coupled into and out of 

the nanowaveguide using aspheric chalcogenide lenses. The peak power of the OPO 

idler pulses is 125 W, and with an input coupling loss of 9 dB, we estimate an on-chip 

peak power of approximately 15 W. The output spectra are measured using an FTIR 

with a liquid nitrogen-cooled detector. 

 

                                                 
5
 Fabrication done by Austin G. Griffith in Professor Michal Lipson’s group at Cornell University. 
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Fig 4.3: Experimentally measured output spectra as the pump is tuned from 2.165 nm 

to 2.501 nm, as indicated by the black solid line. From bottom to top, the 

spectra correspond to pump wavelengths of 2.165, 2.251, 2.373, and 2.501 

μm. Dashed lines show the resulting shift of dispersive waves generated near 

1.5 μm and 3.6 μm. Zero-GVD wavelengths at 2.1 μm and 3.0 μm are 

indicated by dotted lines. 

 

 Figure 4.3 shows the resulting SCG from the nanowaveguide output for 

varying pump wavelengths between 2.16 μm to 2.50 μm. We observe spectral 

broadening of more than 1000 nm near the pump, as well as the generation of 

dispersive waves near 1.5 μm and 3.6 μm. As the pump wavelength is tuned from the 

normal-GVD regime near 2.1 μm toward the anomalous-GVD regime near 2.5 μm, we 

observe the corresponding wavelength shift of both dispersive waves. The telecom 

dispersive wave blueshifts since the pump moves away from the zero-GVD 

wavelength at 2.1 μm, while the MIR dispersive wave redshifts since the pump moves 

closer to the zero-GVD wavelength at 3.0 μm, as expected from phase matching 



 

41 

conditions [9].  

 

 We note that the experimental results show a much weaker telecom dispersive 

wave compared to the MIR dispersive wave, whereas simulations predict both waves 

to have similar power levels. We attribute the relatively weak telecom dispersive wave 

to two effects. The first is the chromatic aberration of the collection optics and 

nanowaveguide tapers, which are optimized by MIR wavelengths, thus reducing the 

measured power received by the detector at 1.5 μm. The second is the presence of 2PA 

at telecom wavelengths, which has not been included in simulations. We also note that 

the dynamic range of the FTIR is limited to 25 dB, so the weaker spectral features 

predicted by simulations are below the noise floor and are not experimentally 

observable here. 

 

4.3 Three-photon absorption and free-carrier effects from low- and high-

 repetition-rate sources 

 

We numerically investigate the effects of 3PA and free carriers on SCG in the 

wavelength region beyond 2.2 μm. Figure 4.4(a) shows a comparison of the various 

effects on SCG, using the same parameters as the experiment described in Section 4.2 

(          ,          , and        ). The dashed black line shows the 

spectrum generated in the absence of 3PA         . The dotted blue line shows the 

spectrum generated in the presence of 3PA but not free-carriers                  

  . The solid red line shows the spectrum generated in the presence of all nonlinear 

effects                   .  

 For the power levels used in the experiment, the impact of 3PA, FCA, and 

FCD is not significant, as the overall spectral shape of the three plots shown in Fig. 
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4.4(a) are similar. The spectral gaps in the SCG are a result of the limited power 

output of the OPO; theoretically, an increase in pump power should result in 

continuous, spectrally flat SCG. However, the nonlinear loss mechanisms may 

become prohibitive at higher power levels. To understand the impact of these 

nonlinear effects more clearly, simulations are performed with the pump power is 

increased to 60 W, and the resulting SCG spectra are shown in Figs. 4.4(b) – 4.4(d).  

 

 

Fig. 4.4: (a) Simulated SCG output spectra from 2.5-μm pump with        . 

       (black);                   (blue); and                  

(red) are shown. SCG output spectra with         for (b)       , (c) 

                 , and (d)                 . All plots have been 

normalized to the case with no nonlinear loss mechanisms (black dotted line 

in (b)). 

 

 

We find that 3PA reduces the total optical power and narrows the spectral bandwidth, 

while the generated free carriers do not significantly affect the SCG process, since 
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they trail behind the pulse as it propagates along the nanowaveguide. We conclude 

that although the effect of 3PA is more pronounced at higher power levels, it is not 

sufficient enough to significantly inhibit broadband SCG in the regime presented here. 

 

 

Fig. 4.5: Simulated SCG output spectra and free-carrier density along the length of the 

nanowaveguide after 50 consecutive pulses, using a 2.5-μm pump with (a), 

(b)         and         ; and (c), (d)         and          . 

Dashed blue lines show free-carrier density for a single pulse. 

 

  The preceding analysis is valid for a pulsed source with a relatively low 

repetition rate    such that the free carriers generated from a given pulse recombine 

before they interact with subsequent pulses via FCA           . We now consider 

the case in which the repetition rate is on a time scale comparable to the free-carrier 

lifetime. A high-repetition-rate train of 50 pulses is propagated along the 2-cm-long 

nanowaveguide, and the generated carriers are allowed to accumulate between pulses 

until a steady state is reached. Figure 4.5(a) shows the resulting SCG spectrum for 
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        and                     , and Fig. 4.5(b) shows the free-carrier 

density along the length of the nanowaveguide. As the peak power is still relatively 

low, we observe that the accumulation of free carriers do not contribute significantly 

to FCA of subsequent pulses, even at much higher repetition rates. 

 

 We next perform simulations to analyze the nonlinear loss effects at high pump 

powers, using a pulse train of         and                     . We find 

that the increased power results in an accumulation of free carriers which is sufficient 

to inhibit SCG through FCA. Therefore, in order use a high-power pump to obtain 

spectrally flat SCG, a low-repetition-rate source must be used. This scenario is 

simulated using a pulse train of         and                     . At 

steady state, broadband supercontinuum is generated successfully, and the spectrum 

and free-carrier density are shown in Figs. 4.5(c) and (d), respectively. For the low-

power, high-repetition-rate SCG, the majority of free carriers are generated halfway 

along the nanowaveguide, corresponding to the onset of soliton fission and maximum 

pulse intensity (Fig. 4.5(b)). For the high-power, low-repetition-rate SCG, the majority 

of free carriers are generated at the input of the nanowaveguide, as the initial intensity 

of the pump pulse is higher (Fig. 4.5(d)). We conclude that for a given free-carrier 

lifetime, there is an inherent tradeoff between pump power and repetition rate in order 

that must be considered to avoid detrimental FCA. 

 

4.4 Summary 

 

In this chapter we have reported the first demonstration of octave-spanning SCG and 

the longest wavelength generated from a silicon nanowaveguide. We have engineered 

the length and GVD of our devices to enable broadband SCG facilitated by soliton 
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fission and dispersive wave generation in both normal-GVD regimes. We have 

achieved spectra spanning from 1.5 μm to 3.6 μm, covering over 1.3 octaves. We also 

have performed a comprehensive analysis of 3PA and free-carrier loss mechanisms, 

and have concluded that they are not detrimental to SCG in the regime presented here, 

but will become significant for increased pump powers and repetition rates. 
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CHAPTER 5 

MICRORESONATOR-BASED PARAMETRIC COMB GENERATION 

 

Optical frequency combs (OFCs) are characterized by discrete, regularly spaced 

narrow lines in the frequency domain. There is great interest in stable combs with 

broad bandwidths for applications which include optical clocks, frequency metrology, 

and high-precision spectroscopy [1]. One promising approach to generating OFCs 

arises from parametric mixing in high-Q microresonators. Such microresonators 

enable efficient nonlinear optical processes, which can lead to parametric oscillation 

and the generation of a broad range of new wavelengths from a single-frequency laser 

[2]. Parametric OFC generation was first observed in silica microtoroids [3], and since 

then has been demonstrated in silica microspheres [4], CaF2 [5], MgF2 [6, 7], and 

quartz [8] resonators, silica disks [9], high-index silica-glass microrings [10], diamond 

[11], aluminum nitride [12], silicon nitride [7, 13-15] and most recently, silicon [16]. 

The nonlinear dynamics of such microresonator-based frequency combs are complex, 

and simulation of the process over broad bandwidths using a modal expansion 

approach is computationally intensive [17, 18]. Researchers have recently applied a 

numerical approach based on a modified expansion of the LL model [19-23], enabling 

the modeling of the complete spectral-temporal dynamics of ultrabroadband frequency 

combs generated in silicon nitride microresonators [24]. 

 

 Silicon is highly advantageous as a photonic platform for parametric 

oscillation, since it exhibits a large material nonlinearity and is transparent over a 

significant portion of the telecom and MIR regions, as discussed in Chapter 1. The 

devices modeled are silicon channel waveguides with either an SiO2 or air cladding, 

which contributes to a large index contrast and significant waveguide dispersion, 
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shown to be key in optimizing broadband parametric oscillation [24]. Despite these 

advantages, multiphoton absorption at telecom and MIR wavelengths can significantly 

limit the efficiency of parametric oscillation. While the effects of multiphoton 

absorption have been studied in the context of Raman amplification [25, 26], SPM 

[27, 28], optical parametric amplification [29], and SCG [30, 31], its role in parametric 

comb generation has not been investigated thus far. In this chapter
6
, we present an 

investigation of silicon microresonator-based frequency combs using an LL model 

modified to include multiphoton absorption and free-carrier effects, and discuss the 

implications of operating in the telecom and MIR wavelength ranges. In addition, we 

identify regimes in the MIR in which silicon microresonator-based broadband 

parametric oscillation may be achieved. 

 

5.1 Modified Lugiato-Leferver model 

 

We introduce the modified LL equation by including contributions from higher-order 

dispersion, self-steepening, multiphoton absorption, and free-carrier effects, such that  
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6
 R. K. W. Lau, M. R. E. Lamont, Y. Okawachi, and A. L. Gaeta, Opt. Lett. (Submitted 2014). 
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where        is the field within the microresonator;     is the input field at frequency 

  ;   and   correspond to the time evolution of the field and the temporal field within 

the cavity, respectively;    is the round-trip time;   is the power transmission 

coefficient;   is the round-trip loss;    is the cavity detuning;   is the cavity length;    

is the k-th order dispersion coefficient;   is the nonlinear parameter;     ,     , and 

     are the 2PA, 3PA, and 4PA coefficients of silicon, respectively;      is the 

effective area of the nanowaveguide mode; and   and   are the FCA cross section and 

FCD parameter, respectively [26, 32]. The free-carrier density    is governed by the 

following rate equation: 

 

 

        

  
 

    
    

         

    
  

    
    

         

    
  

    
    

         

    
 

 
       

    
  

 

(5.2) 

 

with carrier generation rates determined by multiphoton absorption, and the 

recombination rate determined by the effective free-carrier lifetime     . 

 

 Many applications of frequency combs required that the combs be mode 

locked, such that a single soliton pulse is generated within the microresonator, and that 

there exists a fixed phased relationship among the comb modes, resulting in an 

identical spacing between adjacent comb lines [18, 21, 23, 33]. The numerical 

modeling of this low-noise, mode-locked state can be achieved through a series of 

discrete detunings of the pump from the cavity resonance, as described in Ref. [24] 

(Fig. 5.1). 
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Fig. 5.1: Evolution of single-pulse modelocking for Si3N4 microsonator [okawachi] 

showing four distinct stages (Stages I – IV) in which the pump wavelength 

is tuned away from the cavity resonance. The temporal and spectral 

evolution are shown in the first and second column, respectively. The 

temporal and spectral power at the end of each stage are shown in the third 

and fourth column, respectively. Figures taken from Lamont et al. [24]. 

 

Figure 5.1 shows the temporal and spectral evolution of a Si3N4 

microresonator-based frequency comb during the single-pulse, modelocking process. 

Device and simulation parameters are taken from Okawachi et al. and Lamont et al. 

[24], respectively. The pump wavelength is initially set to the cavity resonance, and in 

each of the subsequent stages, the pump is detuned away from resonance, resulting in 

several distinct stages of behavior. In Stage I, multiple stable cavity solitons are 

formed. In Stage II, the pump is tuned into to the Kerr-shifted resonance, and with the 

increased intracavity power, the cavity solitons become unstable and chaotic. In Stage 

III, the pump is detuned past the Kerr-shifted resonance, and with the decreased 

intracavity power, multiple stable cavity solitons reform. Finally, in Stage IV, the 

pump is further detuned and the multiple solitons begin to dissipate until a single pulse 

remains within the microresonator. 
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5.2 Parametric oscillation in telecom and mid-infrared regimes 

 

We first consider a microresonator engineered for parametric oscillation in the telecom 

range, pumped with 1 W of CW power at 1.56 μm. The device is modeled after the 

SiO2-clad silicon nanowaveguides presented in Ref. [34], and its properties are 

summarized in Table 5.1 along with other simulation parameters. Spectra generated in 

the absence (blue) and presence (red) of 2PA are shown in Fig. 5.2(b). It is clear that 

in the telecom regime, the inclusion of nonlinear loss significantly inhibits parametric 

oscillation. We note that the process of 2PA itself is sufficient to inhibit oscillation, as 

simulations which include 2PA without free-carrier effects yield similar results. 

 

 

Fig. 5.2: (a) GVD and (b) OFC spectra for silicon microresonator engineered for 

parametric oscillation in the telecom regime. Spectra are generated in the 

absence (blue) and presence (red) of 2PA using 1 W of pump power at 1.56 

μm.  
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Pump Wavelength (μm ) 1.56 2.4 4.0 

Pump Power (W) 1 1 0.35 

Waveguide Area (nm
2
) 690 x 300 1400 x 500 2600 x 500 

Cladding Material SiO2 SiO2 Air 

Resonator Radius (μm) 100 100 100 

Propagation Loss (dB/cm) 1.4 0.7 0.7 

   (cm
2
/W) 4 x 10

-14
 7 x 10

-14
 3 x 10

-14
 

     (cm/GW) 1.5 - - 

     (cm
3
/GW

2
) - 0.02 - 

     (cm
5
/GW

3
) - - 3 x 10

-5
 

  (m
2
) 1.47 x 10

-21
 3.48 x 10

-21
 9.67 x 10

-21
 

  7.5 4.9 2.9 

     (ns) 3 5 5 

Table 5.1: Simulation values for microresonator parameters and 

material properties over telecom and MIR wavelengths. 

Values for   ,  , and     , as well as expressions for   

and   are taken from literature [16, 30, 32, 34-37]. 

 

 Consequently, reducing nonlinear loss is essential to frequency comb 

generation, and indeed significant process has been made in this direction in a recent 

demonstration of silicon microresonator-based parametric oscillation at MIR 

wavelengths [16]. In this next section, we consider an SiO2-clad, etchless silicon 

device similar to that used in Ref. [16], pumped with 1 W of CW power at 2.4 μm, 

where 3PA becomes the dominant nonlinear absorption process. Device parameters 

and material properties for simulation are summarized in Table 5.1. The spectra 

generated in the absence of 3PA (blue), presence of 3PA without free carriers (green), 

and presence of 3PA and free carriers (red) are shown in Fig. 5.3(b). We observe once 

again that oscillation does not occur when all the nonlinear loss terms are included. 
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Interestingly, in contrast to the telecom regime, it is evident that the limiting 

mechanism in this case is the FCA, and not the 3PA, as simulations which include 

3PA without free carriers (green) are similar to those without any nonlinear loss terms 

(blue).  

 

 

Fig. 5.3: (a) GVD and (b) OFC spectra for etchless silicon microresonator engineered 

for parametric oscillation in the MIR regime. Spectra are generated in the 

absence of 3PA (blue), presence of 3PA with no free carriers (green), and 

presence of 3PA and free carriers (red) using 1 W of pump power at 2.4 μm.  

 

 Since the rate of free carrier generation is intensity dependent, one approach to 

mitigating FCA is simply to lower the pump power and reduce the on-chip optical 

intensity. By reducing the pump power from 1 W to 10 mW, a frequency comb can be 

generated with a 2.4-μm pump, despite the presence of 3PA and FCA. The spectrum, 

temporal profile, and free-carrier density within the microresonator are shown in Fig. 
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5.4(a), (b), and (c), respectively. However, this approach limits the achievable 

parametric bandwidth and is not conducive to generating a broadband frequency 

comb.  

 

 

Fig. 5.4: (a) Spectrum, (b) temporal profile, and (c) free-carrier density for 

microresonator pumped with 10 mW of pump power at 2.4 μm in presence 

of 3PA with          . (d) Spectrum, (e) temporal profile, and (f) free-

carrier density for microresonator pumped with 1 W of pump power at 2.4 

μm in presence of 3PA with           . 

 

 We can understand the role that free carriers have on comb generation by 

examining the time-dependent carrier behavior within the microresonator. In Fig. 

5.4(c), we observe that the free-carrier density has build up to a constant value 

throughout the cavity, as the intrinsic free-carrier lifetime of 5 ns is much longer than 

the cavity round-trip time of 6 ps. A more promising approach is to lower the free-
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carrier density within the microresonator by reducing the effective free-carrier 

lifetime, which can be done, for example, using an integrated p-i-n diode [37-41]. 

Turner-Foster et al. have demonstrated a free-carrier lifetime of 12.2 ps in silicon 

nanowaveguides by applying a reverse bias across an integrated p-i-n diode (Fig. 5.5) 

[37]. 

 

 

Fig. 5.5: Measured free-carrier lifetime as a function of reverse bias, showing a 

reduction of free-carrier lifetime from the intrinsic value of 3 ns to 12.2 ps. 

Figure taken from Turner-Foster et al. [37]. 

 

With the free-carrier lifetime reduced to 10 ps, a broadband frequency comb 

can be generated with 1 W of pump power in the presence of 3PA and FCA. The 

resulting spectrum and temporal profile are shown in Fig. 5.4(d) and (e), respectively, 

and are representative of a single-pulse, mode-locked state. The spectral bandwidth 

exceeds an octave, and the peak power of the circulating soliton pulse is much higher, 
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as compared to Figs. 5.4(a) and (b). The effective free-carrier lifetime of 10 ps is on 

the same time scale as the round-trip cavity time, and an appreciable decay of the 

carrier density is observed within the microresonator in Fig. 5.4(f). We note that 

although the peak power is much higher, the magnitude of the free-carrier density is 

still comparable to that of the 10-mW comb because of the reduced free-carrier 

lifetime. 

  

 

Fig. 5.6: (a) GVD and (b) OFC spectrum for etchless air-clad silicon microresonator 

engineered for parametric oscillation in the MIR regime. Spectrum is 

generated in the presence of 4PA and free carriers using 350 mW of pump 

power at 4.0 μm. 

 

Moving to longer MIR wavelengths beyond 3.3 μm reduces the nonlinear loss 

even further. Although the material nonlinearity    is lower in this wavelength range, 

there exists a key advantage due to the lack of 2PA or 3PA, since the dominant 
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nonlinear absorption process is 4PA. However, since the SiO2 cladding in the previous 

analysis introduces significant absorption loss at these wavelengths, we consider an 

air-clad, etchless silicon microresonator pumped at 4 μm [16]. Device and simulation 

parameters are summarized in Table 5.1. We observe behavior similar to that above, in 

which either the pump power or effective free-carrier lifetime must be sufficiently low 

in order to avoid excessive FCA. This condition is not as strict, since the rate of carrier 

generation due to 4PA is lower than that due to 3PA. In fact, a moderate pump power 

of 350 mW avoids detrimental FCA, yet still results in broad parametric bandwidth, as 

shown by the frequency comb spectrum in Fig. 5.6(b). By operating in this regime, 

mode-locked, octave-spanning frequency combs can be generated in passive 

microresonator structures, eliminating the need for the complex integration of p-i-n 

structures. 

 

5.3 Summary 

 

In this chapter we have presented numerical simulation to analyze parametric 

frequency comb generation in silicon microresonators in the presence of multiphoton 

absorption and free-carrier effects using a modified LL equation. We have 

investigated the impact of 2PA, 3PA, 4PA, FCA, and FCD over several different 

wavelength ranges. We find that at telecom wavelengths, 2PA is sufficient to inhibit 

parametric oscillation and comb generation. At MIR wavelengths where 3PA is 

dominant, we can observe a frequency comb despite the presence of 3PA and FCA, 

provided that the pump power is sufficiently low or the free-carrier lifetime is made 

sufficiently short. At longer wavelengths where 4PA is dominant, we observe 

generation of an octave-spanning frequency comb at moderate pump powers of several 

hundred mW without needing to reduce the free-carrier lifetime. The modeling and 
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analysis presented here have been instrumental in achieving the first demonstration of 

optical parametric oscillation in a silicon microresonator [16]. 
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CHAPTER 6 

SILICON-NITRIDE-CLAD NANOWAVEGUIDES 

 

Silicon has been established as a promising material for nonlinear photonics in the 

MIR due to its high refractive index, large nonlinearity, and transparency, but for 

wavelengths beyond 3 μm, alternative materials must be considered due to the 

absorption of the SiO2 cladding used in standard SOI waveguides [1, 2]. In this 

chapter
7
, we introduce a novel waveguiding platform which uses standard SOI wafers, 

but has a top cladding of silicon nitride, transparent up to 6.6 μm. We design, 

fabricate, and characterize these nanowaveguides and demonstrate the potential of this 

platform by showing broadband FWM near 2 μm.  

 

6.1 Nanowaveguide design, fabrication, and characterization 

 

A schematic cross section of the Si3N4-clad nanowaveguide is shown in Fig. 6.1(a). In 

comparison to the standard SiO2-clad devices presented in previous chapters, here the 

only interaction between the waveguide mode and the SiO2 cladding is at the bottom 

interface, reducing the overall loss due to material absorption from the SiO2. 

Additionally, the higher refractive index of the silicon nitride further reduces this 

interaction, as the mode is preferentially located in the higher index region. Figure 

6.1(b) shows the simulated GVD for the fundamental TE mode for nanowaveguides of 

varying widths and a height of 500 nm. We find that a cross section of 1360 nm by 

500 nm is optimum for our pump wavelength near 2.2 μm.  

 

                                                 
7
 R. K. W. Lau, M. Ménard, Y. Okawachi, M. Lipson, and A. L. Gaeta, Conference on Lasers and 

Electro-Optics: 2013, (Optical Society of America, 2013), paper CM1L.5. 
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Fig. 6.1: (a) Cross section schematic of Si3N4-clad SOI nanowaveguide. (b) Simulated 

GVD for the TE mode of nanowaveguides with widths ranging from 1320 

nm to 1400 nm and a height of 500 nm. 

 

 The nanowaveguides are fabricated
8

 on SOI wafers and patterned using 

electron beam lithography with a 500-nm-thick silicon layer and 3 μm of buried oxide. 

The waveguides are then dry etched with an SF6 chemistry, and the remaining resist is 

removed via an oxygen plasma. A 1-μm-thick layer of Si3N4 is deposited on top of the 

waveguides using PECVD. 

 

 Upon polishing the chip edges, we observed that the deposited Si3N4 did not 

bond well to the buried oxide layer, resulting in delamination of the top cladding (Fig. 

6.2(a)). To overcome this issue, an additional layer of SiO2 is added. Si3N4 away from 

the silicon core is removed using photolithography and dry etching, and a 3-μm layer 

                                                 
8
 Fabrication done by Dr. Michaël Ménard in Professor Michal Lipson’s group at Cornell University. 
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of PECVD SiO2 is deposited. A schematic cross section of the modified 

nanowaveguide design is shown in Fig. 6.2(b). We note that the oxide overcladding is 

located far away from the silicon core and thus does not interact with the waveguide 

mode. Figure 6.3(c) is an image of the top view of the completed chip, showing the 

Si3N4-clad region over the spiral layout of the nanowaveguides and clean input tapers. 

Once fabrication is complete, we use the cut-back method [3] to characterize the 

coupling and propagation losses of the nanowaveguides to be 5 dB/facet and 5 dB/cm, 

respectively, at the pump wavelength of 2.2 μm. 

 

 

Fig. 6.2: (a) Side view of chip edge showing delamination of Si3N4 cladding at 

interface between Si3N4 and SiO2 (b) Schematic cross section of 

nanowaveguide with deposited SiO2 overcladding (c) Top view of chip after 

additional SiO2 overcladding process. Input tapers for six nanowaveguides 

shown in inset. 
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6.2 Four-wave mixing at mid-infrared wavelengths 

 

In the FWM experiments, the nanowaveguide cross section is 1360 nm wide by 500 

nm tall, and the devices are 1 cm long. The pump and signal sources are two high 

power Cr
2+

:ZnSe lasers in a configuration similar to that described in Chapter 3. 

Figure 6.3(a) shows the measured FWM spectra as the signal wavelength is tuned 

from 2193 nm to 2336 nm. Wavelength conversion is achieved over 300 nm, from 

2336 nm to 2029 nm. The peak CE is -33 dB and varies less than 3 dB over this entire 

range, while the observable parametric bandwidth of 300 nm is limited only by the 

OSA detection limit of 2.4 μm. 

 

 

Fig. 6.3 (a) FWM spectra with 2170-nm pump and signal tuned from 2193 nm to 2336 

nm. Measured conversion efficiency ranges from -33 dB to -35 dB over 300 

nm. (b) Theoretical conversion efficiency showing discrete phase matching 

bands for pump wavelengths of 2170 nm, 2210 nm, and 2250 nm. 
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 The FWM process is modeled by numerical integration of the coupled 

differential equations presented in Chapter 3, and the theoretical conversion efficiency 

is presented as a function of idler wavelength in Fig 6.3(b). For the waveguide 

dimensions and 2170-nm pump presented here, the predicted 3-dB conversion 

bandwidth is approximately 945 nm, corresponding to an idler wavelength of 2741 nm 

(green). The continuous parametric bandwidth is limited by the phase matching 

condition discussed in Section 3.1. It has been shown that the presence of higher-order 

dispersion enables phase matching at discrete wavelength bands far away from the 

pump [4-6]. We observe that longer wavelengths beyond 3 μm can be reached as the 

pump is tuned to longer wavelengths (purple, black). Furthermore, these devices may 

be designed to operate at even longer MIR pump wavelengths by tailoring the 

waveguide dimensions to position the ZGVD wavelength further in the MIR.  

 

6.3 Summary 

 

In this chapter we have designed, fabricated, and characterized silicon 

nanowaveguides with an Si3N4 top cladding, engineered for operation at MIR 

wavelengths where SiO2 absorption becomes prohibitive. We achieve broadband 

FWM using a CW pump near 2 μm and measure a 3-dB parametric bandwidth greater 

than 300 nm with a peak conversion efficiency of -33 dB. These results represent the 

first demonstration of wavelength conversion on a novel Si3N4-clad SOI platform and 

show promise in generating much longer MIR wavelengths via FWM while 

maintaining a relatively straightforward CMOS-compatible fabrication process. 
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CHAPTER 7 

FUTURE DIRECTIONS 

 

 In Chapter 3, we have shown FWM-based wavelength conversion between the 

telecom and MIR regions in silicon nanowaveguides, demonstrating a continuous 

bandwidth across 803 nm, from 1619 nm to 2422 nm. In Chapter 6, we discuss 

extending  the wavelength range of such devices further to the MIR by replacing the 

SiO2 cladding with Si3N4 and utilizing higher-order dispersion to create discrete 

wavelength bands that satisfy phase matching. In modeling the FWM process, we 

have made several simplifications typically used when considering relatively narrow 

bandwidths. In particular, the wavelength dependence of the nonlinear parameter   has 

not been included [1, 2], nor have we included the effect of a limited spatial mode 

overlap of the different waveguide modes for the signal, pump, and idler. An 

additional consideration is the accuracy of the material properties of the Si3N4 

cladding at MIR wavelengths. In this thesis, the refractive index of Si3N4 has been 

extrapolated from telecom wavelengths, and the linear absorption at longer 

wavelengths has been assumed to be identical to that near 2.2. μm. Characterizing the 

refractive index and absorption loss of Si3N4 at longer wavelengths would improve the 

accuracy of our model going forward, as we analyze wavelength conversion over 

much broader bandwidths. 

 

 Experimentally, one of the key challenges will be efficient coupling into and 

out of the nanowaveguide over a broad wavelength range. Current taper designs are 

optimized for a relatively narrow wavelength range, and the aspheric lenses used in 

free-space coupling introduce chromatic aberrations and dispersion. In addition, we 

have observed a spatial walk-off of the signal, pump, and idler at the nanowaveguide 
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output, becoming more significant at larger signal-idler detunings. This walk-off 

becomes an issue when detecting wavelength conversion using the FTIR, since 

alignment of all beams into the detector is difficult after propagation through the 

interferometer. Chalcogenide fibers designed for MIR wavelengths may be a suitable 

alternative for output coupling, since the distance of free-space propagation would be 

reduced, but the coupling efficiency between the fiber and nanowaveguide remains to 

be investigated. 

 

 In Chapter 4, we have shown octave-spanning SCG characterized by soliton 

fission in silicon nanowaveguides, with dispersive wave generation at 1.5 μm and 3.6 

μm. Though we have performed numerical simulations resulting in continuous spectra 

over this range, we have been limited experimentally by the pump power from the 

OPO. Performing the experiment with higher pump powers would result in a smooth, 

continuous spectrum. Additionally, we have yet to theoretically or experimentally 

investigate the spectral coherence and stability of the generated SCG. Theoretically, 

the first-order coherence can be calculated from numerical simulation of 

independently generated pairs of SC spectra [3, 4]. Experimentally, the fluctuations in 

spectral phase across the SCG can be characterized by taking an interferometric 

measurement between successive supercontinuum generated from a train of pulses [5]. 

As the SCG process here is seeded by soliton fission as opposed to modulation 

instability, we expect the coherence to be relatively high [5]. 

 

 In Chapter 5, we have presented an investigation of silicon microresonator-

based optical parametric oscillation at telecom and MIR wavelengths. While our 

numerical simulation shows good agreement with experimental results [6], we have 

neglected SRS in our model. It has been shown that Raman frequency combs can be 
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generated by engineering the cavity free spectral range to overlap with the peak of the 

Raman gain 15.6 THz away from the pump [7]. Including SRS in our simulations 

would enable analysis of the interplay between parametric FWM gain and Raman 

gain, and facilitate the experimental realization of a silicon-based Raman frequency 

comb in the MIR. In Chapter 5, we have also designed and analyzed an air-clad, 

etchless silicon microresonator which would enable generation of an octave-spanning 

frequency comb without the need for complex p-i-n integration. The linear absorption 

and free-carrier lifetime have been assumed to be identical to that of the SiO2-clad 

silicon devices, so these air-clad microresonators still need to be fabricated and 

characterized. In addition, several technical and experimental issues remain to be 

investigated, such as coupling between the bus waveguide and microresonator. The 

decreased evanescent field resulting from the larger core-cladding index contrast may 

reduce the coupling efficiency.  

 

 In summary, we have presented in this thesis theoretical analyses and 

experimental demonstrations of FWM and SCG in silicon nanowaveguides in the MIR 

wavelength range. In addition, we have presented numerical modeling of OFC 

generation in silicon microresonators at telecom and MIR wavelengths. We have 

focused on the SOI platform, while investigating SiO2, Si3N4, and air as cladding 

materials. The work reported here is an original and significant contribution to the 

field of nonlinear optics and constitutes substantial progress towards the development 

of silicon photonics for MIR applications. 
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