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ABSTRACT 

 

Heterogeneous Nonlinear Photonics 

 

by 

 

Lin Chang 

 

Nonlinear optics is the study of the interaction between light and matters. It originated from 

the first observation of second harmonic generation by Franken and coworkers in 1961. Since 

then, interest in this area has been continuously growing. Now nonlinear optics has been 

extended to numerous applications such as diversified lasers, communications, sensing and 

different quantum technologies, in both industry and the research of fundamental science.  

Recently, with many breakthroughs in the demonstrations of nonlinear devices at chip-

scale, the area of nonlinear photonics has evolved and went through rapid progress. For 

example, frequency comb generation, the Nobel-winning technology, has been enabled by 

micro-resonators on multi photonic platforms. Other advanced nonlinear processes, such as 

second harmonic generation, optical parametric oscillation, as well as many opto-mechanics 

processes, have also been realized in different on-chip devices.  

However, even though those demonstrations open up many new possibilities for nonlinear 

applications by using photonics approach, currently the nonlinear photonic technologies still 

have some major problems at both individual device and system level. The efficiency of 

nonlinear process on chip is still not high enough to enable strong frequency conversion at the 

pump power level of integrated lasers, which is usually around a few milli-watts. Another 
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challenge is that current nonlinear devices are not integration compatible with other active 

photonic components, which prevents the realization of fully integrated nonlinear systems on 

chip. 

To address those problems, we proposed and developed the heterogeneous integration 

technology for nonlinear photonics. Heterogeneous integration has been widely used in 

silicon photonics to transfer III-V or other material layers on Si waveguides by wafer- or die- 

bonding. Introducing it into nonlinear photonics enables the access to high quality single 

crystalline films, which can have much higher nonlinearities compared to the materials used 

for previous nonlinear devices. Furthermore, it also offers the possibilities to integrate 

nonlinear and active photonic components together, which paves the way to the revolutionary 

nonlinear photonic integrated circuits (PICs) in the future.   

This thesis presents two nonlinear platforms we developed based on heterogeneous 

integration: the (Al)GaAs on insulator platform as well as the lithium niobate (LiNbO3) on 

insulator platform. Multiple efficient nonlinear processes on those platforms, including second 

harmonic generation by waveguides and micro-resonators, as well as frequency comb 

generation, have been realized. We also demonstrated CMOS compatible platforms with 

nonlinear functionalities by heterogeneously integrating silicon nitride with either (Al)GaAs 

or LiNbO3. The design considerations, fabrication processes, and the performance of each 

nonlinear device are discussed in details. Furthermore, we discuss a system level 

demonstration, an optical frequency synthesizer based on efficient nonlinear devices, and the 

possibility to fully integrate those nonlinear systems in PICs based on the heterogeneous 

integration technology. 
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Figure. 6.3: Stable optical synthesis with out-of-loop verification. a, Tunable laser 

locking, and frequency counting with the auxiliary comb. HNLF, highly nonlinear fibre. b, 

Measured overlapping Allan deviation (ADEV) and modified Allan deviation (MDEV) of the 

frequency synthesizer. In comparing 10-ms counter-gate time acquisitions, the 1/τ slope is 

consistent with a stable, phase-locked synthesizer, and the histograms of 500 s of data (inset 

for relative mode m=−28 only) show a Gaussian profile. Error bars indicating 95% 

confidence intervals are derived using flicker noise estimates. c, Table of nominal frequencies 

and uncertainty at 200 s as the synthesizer is stepped across the C-band. d, Overview of the 

accuracy and precision of the synthesizer frequency. The ADEV at 100 s is used to estimate 
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the uncertainty of each synthesizer output, and the weighted mean of the seven data points is 
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Figure. 6.4: Arbitrary control of the optical-frequency synthesizer. a, Stepwise control of 

the tunable-laser offset phase-lock to the DKS comb and frequency counting. b, Deviation 

between the synthesizer output νout and constant setpoint for 500 s at a 10-ms gate time. c, 

Bidirectional linear ramp of the synthesizer via step control of the laser offset PLL setpoint 

(100-ms gate). d, Arbitrary frequency control of the synthesizer across 40 frequency setpoints 

to write “NIST”. A 30-ms gate time is used to oversample each frequency setpoint by 5 (150-

ms pause per point), and every fifth data point is displayed................................................124 

Figure. 6.5: Integration of an optical frequency synthesizer. (a) Schematic drawing of the 

system; (b) Interposer chip combing multi photonic components together; (c) A compact 
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Chapter 1 

Introduction  

1.1. Nonlinear photonics 

The field of nonlinear optics has a long history since the discovery of second-harmonic 

generation by Peter Franken in 1961 [1], shortly after the first demonstration of the laser. 

Through more than half a century of development, it has become one of the most important 

branches of optics. Now, nonlinear optics is the backbone of numerous fields, ranging from 

fundamental studies of light-matter interaction [2] to applications such as optical signal 

processing in communication [3] and nonlinear microscopy [4] .  

Recently, an important turning point of nonlinear optics is the transfer from bench-top, 

bulky devices to photonics chip level components, leading to advances in the new area of 

nonlinear photonics [5]. By applying the fabrication technology in photonics, nonlinear 

devices can be made on chip, with micron or even sub-micron scales. Besides all of the 

benefits brought by photonics, e.g., the footprint, scalable and the low-cost production [6], 

the nonlinear photonic devices also gain a significant improvement in terms of performance 

[7], due to the much smaller mode volume of the waveguide for enhancing nonlinear 

efficiencies, and the freedom for engineering the geometry of waveguides for different 

nonlinear processes.  

One of the main efforts of the developments in nonlinear photonics is frequency comb 

generation based on third order nonlinear (χ(3)) effect by micro-resonators or supercontinuum 

waveguides [8], which has been realized on multiple material platforms such as SiO2, Si3N4, 

Si and on. Another essential direction is frequency conversions based on the second order 



 

2 

 

nonlinear (χ(2)) processes [9]. This thesis will mainly focus on the discussions and 

demonstrations in those two directions. However, other important fields of nonlinear 

photonics, such as the Stimulated Brillouin Scattering [10], Raman effect [11], high harmonic 

generation [12], are also seeing great progresses and will play significant roles in the future. 

1.2. Heterogeneous integration 

Heterogeneous integration is to combine separately manufactured components into a 

higher-level assembly which can provide enhanced functionality and improved operating 

characteristics [6]. It originated from electronics and then was widely applied in photonics in 

the last decade. Previously, the main motivation of it for photonics was in the silicon 

photonics industry [13]. This is because, even though silicon photonics has great potential to 

bring large scale, high volume and cost reduction of silicon manufacturing to photonic 

components, the most important photonic component—light source—is missing in photonic 

integrated circuits (PICs) on pure silicon-on-insulator (SOI) platform. By heterogeneously 

integrating III-V semiconductor material onto SOI waveguide, electrically pumped efficient 

light emitting devices, as well as other active photonic components, can be integrated in 

silicon photonics.   

The key method of heterogeneous photonics integration is wafer or die bonding [14], 

which offers a great advantage that different epitaxial stacks can be integrated together on the 

same wafer and further processed simultaneously. Besides the III-V materials, other exotic 

media, such as LiNbO3 [15], diamond [16], and Ce:YIG [17], can also be added into PICs, 

bringing advanced functions in high speed modulator, quantum application and optical 

isolators.  
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The motivation of applying heterogeneous integration in nonlinear photonics first 

originated from the demand of introducing χ(2) based process into photonics [5]. The 

difficulty of achieving that comes from the fact that usually only materials with 

noncentrosymmetric crystal structures have second order nonlinearity, which excludes most 

of commonly used photonic material platforms such as SOI, Si3N4, silica and so on. 

Nonlinear materials with strong χ(2) like GaAs, GaP, GaN, usually have to be grown on native 

substrate [18], which prevents the realization of high index contrast which is necessary for 

nonlinear applications. 

Heterogeneous integration offers a good solution to address this problem. Besides the 

advantage of introducing high quality thin film crystalline, great flexibility can be obtained in 

choosing the waveguide and cladding materials because there is no limitation of lattice match 

at the interface between different materials. Early work were done by bonding Lithium 

niobate film onto SiO2 for frequency conversion and constructing modulators [19]. This area 

started to boom after the commercialization of wafers with such stacks by several companies 

[7]. More details about the development and our demonstration of the lithium niobate on 

insulator (LNOI) platform are in Chapter 3. Recently, driven by the demand for ultra-efficient 

nonlinear processes, as well as integration between active and nonlinear devices, III-V 

semiconductor on insulator platforms, especially based on (Al)GaAsOI [20], have been 

demonstrated and hold the promise for nonlinear PICs in the future, which will be discussed 

in Chapter 4 in this thesis. 

1.3. Second order nonlinear process 

The second order nonlinear effect is one of the strongest optical nonlinear effect. It 

includes sum frequency generation, differential frequency generation, optical parametric 
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oscillation and so on [21], and has been widely applied to a broad range of applications.   In 

quantum optics, the second-order nonlinearity is often used for generating entangled photon 

pairs by spontaneous parametric down-conversion (SPDC) and for providing continuous 

variables entanglement in an OPO configuration [22].  In classical photonics, it plays key 

roles in various applications, such as nonlinear microscopy [4], optical frequency references 

[23] and light source at various wavelength [24], among others. 

Important materials for χ(2) based processes include dielectrics such as LiNbO3, BBO, 

KTP,  and compound semiconductors like (Al)GaAs and GaP, which have strong nonlinear 

coefficients [21]. Previously, most of the nonlinear devices are on native substrates, where 

the waveguides suffered from weak index contrast and thus large mode size on the order of 

tens of µm2 [25]. The low photon intensity in such big waveguides limited the efficiency of 

the frequency conversion. 

Another important requirement for efficient second order nonlinear effect is the phase 

match condition. One commonly used approach is birefringent phase match, including type I 

and type II [21]. Another widely applied method is quasi-phase matching, usually based on 

periodic domain inversion, which has been applied to lithium niobate, BBO and (Al)GaAs by 

either periodic poling technology or regrowth [26], [27]. For integrated χ(2) waveguides with 

small mode volume, to achieve phase-match is usually more challenging compared to bulky 

waveguides due to the stronger dispersion. 

1.4. Third order nonlinear process 

Third order nonlinear effect is also called optical Kerr effect. It occurs when intense light 

propagates in mediums, whose refractive index get modified by the intensity of the light beam 

[21]. The time- and frequency- dependent refractive index change leads to the effect of self-
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phase modulation and Kerr lensing. And among different frequencies of light beam, it also 

causes cross-phase modulation. 

A particularly interesting area based on Kerr effect, which has witnessed remarkable 

breakthroughs in last decades, is the development of frequency comb generation on chip, 

either by micro-ring resonators or supercontinuum waveguides  [8]. Those compact, chip-

scale comb sources have dramatically extended the applications in photonics, such as terabit 

optical coherent communications [28], optical frequency synthesizers [23], dual-comb 

spectroscopy [29] and on-chip optical atomic clocks [30].  

So far, frequency comb generation has been demonstrated in different material platforms. 

Specially, the silica and silicon nitride micro-resonators are most commonly used [31], [32].  

Efficient comb generation pumped at the power level of few to tens of milliwatts can be 

achieved, though the requirement of quality factor for those resonators is strict, usually 

beyond the order of millions. This adds difficulties to the fabrication and makes them not 

compatible with industry level massive production at low cost. 

Heterogeneous integration provides a good solution to address this problem by 

introducing highly nonlinear materials. For example, compound semiconductor materials, e.g. 

AlGaAs, usually have strong third order nonlinear coefficients which are orders of magnitude 

higher than dielectric insulators [21]. Because of this, the quality factor required for micro-

resonator based on those semiconductors can be dramatically relieved, and the fabricated can 

be greatly simplified as well.  

1.5. Nonlinear photonic integrated circuits 

With the development of many advanced individual devices, the ultimate goal of nonlinear 

photonics is to implement the nonlinear components into PICs on the same chip, along with 
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all the other photonic devices. Such fully integrated nonlinear PICs will enable numerous new 

applications, and transition the nonlinear system to platforms which are scalable and at low 

cost. Furthermore, the integration will also lead to an improvement in terms of performance, 

due to the reduced coupling loss and facet reflections, which are critical to nonlinear 

processes. 

However, there are big problems existing in current nonlinear platforms, which prevent 

the realization of fully integrated nonlinear devices. First, the power levels that are achievable 

with integrated lasers are usually not high enough to drive current on-chip nonlinear optical 

processes efficiently.  Typical on-chip laser powers are in the order of tens of milliwatt or 

lower [6].  However, most demonstrated integrated nonlinear devices do not meet the 

efficiency requirements to work at these power levels.  One example is OPOs.  So far the 

lasing of an integrated OPO based on χ(2) nonlinearity, which is pumped by an on-chip laser, 

has not been demonstrated due to the high threshold power requirements [18]. Another 

difficulty is that most nonlinear materials used for PICs are not compatible with the integrated 

active devices, either in design, fabrication, or integration. As a result, the nonlinear 

components are still far from being integrated together with lasers, amplifiers and 

photodetectors on the same chip, but have to be connected by either fiber coupling or chip-

to-chip butt coupling.   

Heterogeneous nonlinear photonics projects to solve all the problems mentioned above. 

The introduction of high quality nonlinear crystal can boost the efficiency of nonlinear 

process. In the meanwhile, because heterogeneous integration is not limited by the lattice 

match of the materials, active and nonlinear devices can be bridged on the same platform. 

Particularly, when using III-V semiconductor materials, the integration of nonlinear 
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waveguide and active layers can be accomplished at the same time, which offers the most 

promising approach to construct fully integrated nonlinear PICs in the future. 

1.6. Overview of thesis 

In this thesis, we focus on our developments in heterogeneous nonlinear photonics. In 

Chapter 2, theories of second and third order nonlinear process are discussed. Chapter 3 and 

4 present two major nonlinear material platforms we developed based on heterogeneous 

integration, the lithium niobate on insulator (LNOI) and (aluminum) gallium arsenide on 

insulator ((Al)GaAsOI) platforms, respectively. State of the art nonlinear devices for second 

harmonic generation and frequency comb generation are presented. Chapter 5 shows the 

developments of CMOS compatible nonlinear platforms by using heterogeneous integration. 

Chapter 6 takes one of our system level demonstrations, optical frequency synthesizer as an 

example, to illustrate how the nonlinear system works based on integrated photonics. 

Broader areas of the applications and outlook for nonlinear PICs in the future are also 

discussed. 
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Chapter 2 

Theory  

2.1. Second order nonlinear process 

In this section, the theory for second order nonlinear process is discussed. The coupled mode 

method is used to describe the nonlinear interactions including SHG/OPO process in both 

waveguide and resonators. Based on that the phase match condition is also derived, including 

both the concepts of quasi phase match (QPM) and model phase match (MPM).  

2.1.1 Coupled mode equations 

Considering a nonlinear medium, if there is a polarization P induced by the electric field of an 

optical wave E . P can be expressed as [1], [2]: 

(1) (2) (3)

0{ ...}P E EE EEE                                                (2.1.1) 

Where 0 is the permittivity in vacuum, and ( )n correspond to the n-th order susceptibility 

tensor. 
(1) is the linear response which determines the refractive index materials. 

(2) determines the second order nonlinearity while 
(3) is the third order nonlinear effect and 

so on. Here we focus on the second order polarization term (2)P EE , which means that 

three waves ( 1 ,
2 and

3 ) get involved in this process. Such so-called three wave mixing 

processes include sum frequency generation (SFG) when 1 2 3    , and differential 

frequency generation (DFG) when 1 2 3    . 

Generally, when calculating the second order nonlinear polarization term, a tensor d is 

introduced, which has a relation with (2) as (2)1

2
ijk ijkd  . The tensor of d can be expressed 
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as a 3×6 matrix due to the Kleinman symmetry [3]. Different crystal structures have different 

number of independent parameters in the matrix; details will be discussed later. 

For simplicity, here we assume that all the modes have pure transverse field distribution. 

In waveguide, it means that the mode is either pure TE or pure TM. Then the electric field of 

the mode at one frequency   can be written as: 

1
( , , , ) { ( ) ( , )exp[ ( )] . .}

2
E x y z t A z E x y i t z c c                               (2.1.2) 

In which A(z) represents the slowly varying amplitude, E(x,y) stands for the electrical field 

distribution of the mode,    is the wave vector and c.c. represents the complex conjugation. 

For three wave mixing, usually two waves get involved and generate a new one. Thus the 

second order polarization can be written as: 

 

1 1 2 2

1 2 1 2

1 2 1 2

(2) 2

0 1 2
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0 1 1 2 2
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 * * * *

1 1 1 2 2 2 2

1
) ( ) ( , ) ( , ) ( ) ( ) ( , ) ( , )

2

. .)

z A z E x y E x y A z A z E x y E x y

c c





      (2.1.3) 

It can be found that for three wave mixing process, only one term in Eq. (2.1.3) 

contributes to the generation of wave at a certain frequency: the third term corresponds to 

SFG ( 3 1 2    ) and the forth term is related with DFG ( 3 1 2    ). The fact that 

those nonlinear polarizations are the origin of the generated new waves, indicates that the 

second order nonlinear behavior can be described by plugging the nonlinear polarization into 

the propagation equation of an electromagnetic wave: 
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(2)
2 2

2

2 2 2 2

0

1 1 P
E E

c t c t

 
  

 
                                                   (2.1.4) 

where c is the speed of light in vacuum. Then the coupled mode equation can be derived by 

replacing 
(2)

P  by the specific term in Eq. (2.1.3).  Here we take the DFG as an example, 

assuming that 1  is the frequency of pump light, 
2  and 

3  are the frequency of signal and 

idler wavelength, respectively, then the coupled mode equations become the following form: 

1 1
1 1 2 3
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                                                  (2.1.5) 

Where i (i = 1, 2, 3) is the propagation loss of the waveguide at different wavelengths, 

respectively. The parameter of   is defined as: 

1 2 3                                                                          (2.1.6) 

And the coupling coefficient i  is expressed as: 

1 2 3

2

( , ) ( , ) ( , )
, 1,2,3

( , )

eff i

i

i i

E x y E x y E x y dxdyd
i

cn E x y dxdy


  




                                 (2.1.7) 

Eq. (2.1.5) can only be solved in the way of numerical integration. Here for simplicity, we 

consider the case where waveguide has no loss, and the pump power is undepleted, which 

also means that the power of generated wave is much lower compared to the pump. 

Assuming that 
3(0) 0A  , then the solution can be simplified as: 
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                                            (2.1.8) 

Then based on the amplitude of the field, we can calculate the optical power: 

2

0 2 ( , )
2

i i

i i

cn A
P E x y dxdy


                                                             (2.1.9) 

At the position L of the wavelength for each wave, the power turns out to be: 

1 1

2

2 2

23
3 1 22

2

( ) (0)

( ) (0)cosh

1
( ) (0) (0)sinhnorm

P L P

P L P gL

P L P P gL
g












                                            (2.1.10) 
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                   (2.1.13) 

Here norm  is called the normalized efficiency, and effS is known as the effective cross 

section. The absolute conversion efficiency of the DFG is defined as: 

2 2 23 3 3
12

1 2 2

sinh (0)sin
(0) 2

norm
DFG norm

P
P gL L P c L

P g

   
 

 


               (2.1.14) 
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2.1.2 Phase match condition 

From Eq. (2.1.14), it can be found that for achieving the highest conversion efficiency, 

the mismatch of propagation constant  , needs to be set to 0, which is called the phase 

match condition. However, usually this is not the case in either bulk nonlinear crystals or 

integrated nonlinear waveguides, because of the dispersion. One way to overcome this 

problem is to take advantage of material birefringence. The waves involved in the nonlinear 

process should have different polarizations. For waveguide with high confinement, the 

geometry can also introduce birefringence and compensate the dispersion. Those phase match 

methods are called direct phase match ( 0  ). 

LC 2LC 3LC 4LC 5LC

ESH

ꭓ(2) -ꭓ(2) -ꭓ(2)ꭓ(2) ꭓ(2)

Direct phase match

Quasi phase match

No phase match

 

Figure. 2.1: SHG under different phase match conditions (upper) and the schematic drawing for 

periodic domain inversion for QPM. 
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Even though the direct phase match is the most straightforward and efficient phase match 

method for three wave mixing as shown in Fig. 2.1, in most situations it cannot be satisfied. 

Usually either the dispersion is too strong or the birefringence doesn’t exist in many 

materials. As a result, another approach, which is called quasi phase match (QPM) was 

developed. In QPM, the mismatch of propagation constant is allowed to be nonzero, which 

lead to a  phase shift between wavefronts of the generated light after a propagation distance 

of cL






, called coherence length. A QPM structure usually has a special periodic 

modulation of the nonlinear coefficient d , which can be expressed as: 

 
2

( ) exp( ), , 1,2,3,...m

m

d z d imKz K m


   


                                       (2.1.15) 

Where  is the period of the modulation and m refers to mth Fourier component of d(z). 

Therefore, an ‘artificial’ wavevector can be introduced into (2.1.6) to compensate the 

mismatch when: 

mK                                                       (2.1.17) 

In actual applications, e.g. the LiNbO3 waveguide, usually the first order grating is used 

because it is the most efficient. The period   is set to be the twice of the coherent length cL .  

The modulation method is to flip the domain, so that the sign of d can be inverted. Details 

about this approach will be discussed in Chapter 3. 

2.1.3 Second harmonic generation 

This thesis will mainly focus on the demonstration of second harmonic generation (SHG), 

which is a special process of SFG where two photons with the same frequency 
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( 1 2 P    ) in Eq. (2.1.3) get involved as the pump light and generate a new photon with 

doubled frequency (
3 2SH P    ). Then according to the coupled mode theory: 

*

2

2

2

i zP P
P f SH P

i zSH SH
SH SH P

A
A i A A e

z

A
A i A e

z











 

 


  




  



                                                 (2.1.18) 

Here we assume that the pump power is undepleted. The solution of SHG becomes: 
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
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  





 

  

                                   (2.1.19) 

Then the efficiency of SHG can be obtained as: 

2

2 2
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8
( ) (0)

effSH
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P SH P SH eff

dP
g L P

P cn n S


 
                                      (2.1.20) 

Where 
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
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 


  

  

 



                               (2.1.21) 

If the propagation losses of the pump and SH light are negligible, Eq. (2.1.20) get 

simplified as: 

2 2sin ( ) (0)
2

SHG Nor Pc L P


 


                                                   (2.1.22) 

Where the normalized efficiency is: 
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2

2 2

0

8 eff

Nor

SH P SH eff

d

cn n S


 
                                                               (2.1.23) 

In the case of quasi phase match, instead of Eq. (2.1.6),   becomes: 

2
2 P SH


     


                                                                (2.1.24) 

2.1.4 Resonators for SHG and OPO 

The discussions above are all for the three wave mixing process in straight waveguides. 

Another important structure for nonlinear process is a resonance cavity. The intensity of light 

can get significantly enhanced at the resonance and thus improve the nonlinear conversion 

efficiency. Here we still take the SHG as an example to illustrate the second order nonlinear 

process in resonators.  

a1 a2

b2 b1

 

Figure. 2.2: Schematic of coupling into and out of a resonator. 
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Consider a resonator coupled to a bus waveguide as shown in Fig.2.2 [4], assuming the 

coupler is linear and lossless, the input and output amplitude can be expressed in the 

following matrix: 

2 1

* *

1 2

R

R

a t a

b t b





    
    

    
                                                (2.1.25) 

Here t and   are the transmission and coupling coefficients, respectively. Because there 

is no loss of the coupler, 
2 2

1R t   .  In this work, we are dealing with high quality 

resonators so 1R t . 

For SHG, the amplitude of pump and SHG are indicated as 
1, 2P Pa , 

1, 2SH SHa  and 
1, 2P Pb , 

1, 2SH SHb  , respectively. Then the input and output of SHG light can be linked as: 

2 _ 2

*

1 2

SH R SH SH

SH SH SH

a b

b t b




                                                   (2.1.26) 

To get the internal circulation relations taking the nonlinear interaction into account, we 

introduce the slowly varying amplitude ˆ exp( )i i ib b ik z  , where i = SH, P, then the coupled 

mode equation is: 

2

ˆ ˆ
ˆ ˆ 0

2

ˆ ˆ
ˆ 0

2

P P P
SH P

SH SH SH
P

b a b
i b b

z

b a b
i b

z






  




  



                                       (2.1.27) 

Then by plugging in the relation 2
ˆ ˆ ( )SH SHb b L and 2

ˆ ˆ ( )P pb b L , we obtain the equation: 

2

2 1 1

*

2 1 1 1

ˆ (1 )
2

ˆ (1 )
2

SH
SH SH P

P
P P SH P

L
b b i Lb

L
b b i Lb b







  

  

                             (2.1.28) 

Then by combining Eq. (2.1.25) and (2.1.28), we can obtain: 
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                      (2.1.29) 

Then 1SHb  can be eliminated and we can get the relation: 
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f L b
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 

 
                                       (2.1.30) 

Where 
2

( ) / 2i if L      is the finess of the resonator. 

With Eq. (2.1.30), we can express 1Pb  as a function of 1Pa , and then 1SHb  as a function 

of 1Pa  by Eq. (2.1.29). Then we can get the following relation: 
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                           (2.1.31) 

This method can also be easily extended to our three wave mixing process in resonators. 

For example, for the optical parametric oscillator (OPO), which has one pump light at 

frequency P  and generate signal and idler waves with frequency S  and i , respectively. 

The threshold for OPO can be calculated as: 

4 2 2

0 _ _

_ 2 2 2

0

2 2

_

_
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16
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s P OPO s P OPO
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d Q Q V
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 


                           (2.1.32) 
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Here we need to point out that the calculation for the resonators above is based on the 

assumption that the nonlinear coefficient over the whole cavity is constant. However, this 

may not be the case due to the anisotropy of second order nonlinear tensor, e.g. <001> 

oriented GaAs. The treatment in that case will be discussed in Chapter 4. 

2.2. Third order nonlinear process 

In this section, the theory for third order nonlinear process is discussed. We will mainly 

focus on the frequency comb generation in micro-resonator, which has been one of the most 

important demonstrations in integrated nonlinear photonics. We will start with the physical 

explanation for the formation of Kerr comb and use the Lugiato-Lefever equation (LLE) to 

describe the comb generation analytically. Furthermore, temporal dissipative soliton 

generation will also be discussed. 

2.2.1 Physics of Kerr-comb formation process 

The Kerr-comb generation in microresonator is based on a so-called four wave mixing 

(FWM) process [5]–[7]. With CW pump light coupled into the resonator, the degenerate 

FWM happens and provides parametric gain symmetrically spaced at both sides of the pump 

frequency. Once the gain exceeds the loss, a pair of sidebands light can be generated at the 

resonances adjacent to the pumped resonance, as shown in Fig.2.3. With the increasing of 

pump power, a subsequent cascade non-degenerate FWM processes take place and generate 

more sidebands as shown in Fig.2.3. The spacing between between neighnoring comb lines is 

determined by the free spectrum range of the resonator. However,  dispersion can cause 

mismatch between the sidebands and the resonance, which limits the bandwidth of the comb 

generation.  In next section we will use nonlinear coupled mode equations to depict the 

temporal model for Kerr comb generation in micro-resonators. 
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Pump
deg. FWM

non deg. FWM

ω

P

Primary comb lines

Secondary 
comb lines

 

Figure. 2.3: Universal Kerr-comb formation processes. 

 

In the early micro-comb demonstrations,  unexpected noise phenomena were observed in 

various material platforms. This is due to the fact that during the formation of sidebands 

shown in Fig.2.3. It is not guaranteed that primary spacing’s value is multi-time of the 

spacing of sub sidebands, which causes multi comb lines in a single resonace and thus leads to 

inconsistant combs. To address this problem, regimes where broadband coherent comb exist 

has been explored. In this state, all the comb lines get phase locked to each other, which is 

called Disspative Kerr Solitons (DKS).  

2.2.2 Nonlinear coupled mode equations 

Similar to what we did before for second order nonilenar process, we analyze the 

formation of frequency comb based on nonlinear coupled mode equations, which is the 

equation in conjunction with the quantum Langevin equations [8]: 
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Here mA  is slowing varying amplitude of mode m in a resonator, m refers to the decay 

rate of the cavity of that mode, which includes the intrinsic decay rate 
,i m and the external 

decay rate 
,ex m . The mode of the pump (m0, 0 ) is driven by a CW power Pin at the 

frequency of P . 
,i ms  and 

,ex ms  denotes the quantum Langevin input noise with 

commutation relation 
†( ), ( ') ( ')j js t s t t t        and zero mean. The term of summation is 

over all the modes of the resonators and satisfy the momentum conservation: 

' '' '''m m m m   . ' ''m m

mD  is the factor of degeneracy, whose value is 2 when ' ''m m  for the 

cross-phase modulation and non-degenerate FWM, and 1 for self-phase modulation and 

degenerate FWM. The coupling factor among different mode is: 

* * (3)
' '' '''' '' ''' ' '' '''
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  
 

  




                            (2.2.2) 

Where em is the distribution of the electric field vector for mode m. 

In Eq. (2.2.1), the modes are normalized in the way that  
2

mA  corresponds to the photon 

numbers for that mode. And the coupling constant g indicates the Kerr frequency shift per 

photon, and can be expressed as [9]: 

2 (3) 2

0 0 0 2 0

4 2

0 0 0 0 0

3 ( ) ( )

4 ( ) ( )

cn
g

n V n V

    

  
                                              (2.2.3) 

Where Vm is the effective nonlinear volume of the mode, defined as: 
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( )m
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e dV
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e dV




                                                               (2.2.4) 

The methods for solving Eq. (2.2.1) has been well studied. A key in those approaches is 

determine the eigen-frequency m  so that the dispersions can be found: 

2 3

0 1 2 3

1 1
...

2! 3!
D D D                                             (2.2.5) 

Where 
0m m    is the mode order relative to the pump mode. Dm denotes the m-th 

order of the dispersion, where D2 is related to the group velocity dispersion (GVD) 

j

j j










 . 

In practice, an analytic solution to Eq. (2.2.1) is extremely challenging. However, based 

on certain approximations, the formation of comb generation can be modeled numerically. 

More details can be referred to Ref. [5]. 

2.2.3 Dissipative Kerr solitons 

The generation of stable tempoeral soliton in microresonators based on Kerr-nonlinearity 

is a significant form of optical self-organization. The requirment for soliton generation, 

besides the third order nonlinear medium, is the anomolous dispersion of the waveguide. A 

big difference between the general Kerr comb and the temporal DKS is that the latter can 

lead to a stable pulse in time domain, whose duration is usually in femtosecond region, 

indicating broad spectrum with same line spacing.  

To describe the formation of DKS, we still use LLE equation: 

2
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                    (2.2.6)      
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In which 
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( , ) Pi i t
A t A e   




 
  is the slowly varying field amplitude and  0,2    

is the angular coordinate inside the resonator with periodic boundary conditions. Eq. (2.2.6) 

can also be written in a dimensionless way as: 
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 

   
 

 
     

 
                                       (2.2.7)   

Where ( , ) ( ) ia e 

     is the waveform, and we use dimensionless longitudinal 

coordinate 
2

1

2d
  . This equation is similar to the Nonlinear Schrodinger Equation 

(NLS) but driven and damped [10]. By using Lagrangian perturbation approach, the 

dissipative soliton can be solved. To do that, we introduce Lagrangian density, whose 

variation over *  (Landau-Euler equation) leads to an unperturbed NLS equation:   

              
* * *



  

    

   
  
   

                                              (2.2.8)   
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                         (2.2.9)    

The detailed information for solving this equation can be found in Ref. [11]. The solution 

can be expressed as: 
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t t t

D
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D

 
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 
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                                               (2.2.10) 

And the minimum pulse duration can be obtained as: 
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D n V
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

  
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2.3. Summary 

Besides the theoretical treatment we discussed in this chapter, in practice usually more 

factors need to be taken into account. In most cases, an analytical solution to describe a 

system would be impossible. Instead, numerical simulations under certain approximations can 

provide powerful tools to estimate the nonlinear process. In the later chapters, different kind 

of theoretical analysis will be used and discussed. 
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Chapter 3 

Lithium niobate on insulator platform  

3.1. Background 

LiNbO3 is one of the most important materials which has been widely used in nonlinear 

optics [1]–[4]. Several advantages make LiNbO3 an excellent candidate in nonlinear 

applications: First, it has relatively large second order nonlinear coefficients (d33 ~ 30 pm/V at 

1550 nm wavelength) and electro-optic effect (r33 ~ 30.8 pm/V at 630 nm wavelength) [5], 

which enables efficient three wave mixing process as well as electrooptic modulation; 

Second, it has very wide transparent window ranging from 350 nm to 4.5 µm wavelength [6], 

which enables low material loss for both the fundamental and generated waves in nonlinear 

process. Furthermore, the well established techniques on LiNbO3 fabrication and the mature 

foundry production provides the convenience to transfer the new demonstrations in research 

from lab scale to industry level [5]. 

However, even though the LiNbO3 based nonlinear devices, e.g. periodically poled 

lithium niobate (PPLN) waveguides, provided good solutions to frequency conversions, they 

also have big limitations.  The traditional LiNbO3 waveguides are usually bulky, by using 

either proton exchange or Titanium diffusion [1], [7], [8] to create weak index contrast at the 

order of 0.1, whose schematic drawing is shown in Fig. 3.1 (a) and (b). Such weak index 

contrast leads to large waveguide modes, which significantly constrain the nonlinear 

efficiencies. Besides that, a more severe problem is that such waveguide structure is not 

compatible with photonic integration along with other components in PICs [9]. 
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Figure. 3.1: Schematic drawing of different LN waveguides 

 

The heterogeneous integration for LiNbO3 was developed to address those problems 

[10], [11]. It is one of the early attempts in heterogeneous nonlinear photonics. Similar to the 

smart cut technology used in the fabrication of silicon on insulator (SOI) wafer [12], [13], a 

structure called LN on insulator (LNOI) was developed by heterogeneously integrating LN 

film onto SiO2 layer. By doing this, a high index contrast in vertical direction (~ 0.6) can be 

obtained, which can lead to a much smaller mode volume for enhancing nonlinear processes. 

The photonic devices with compact waveguides are also more integration compatible in PICs. 

More encouragingly, this technology was soon commercialized to deliver with reliable wafers 

supplies, which greatly promote the prosperity of this field in the last 5 years [5]. 

In this chapter, we will discuss an integrated platform on LNOI wafer for nonlinear 

photonics. Such platform led to the first low loss thin film LN waveguides. Concurrently, we 

developed a new periodic poling technology for this platform, which enables the first 

demonstration of thin film PPLN waveguides. Those breakthroughs open the door for high 

performance LN integrated photonics in the future. 
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3.2 Platform design 

A central question for the LNOI platform is the way to construct waveguide, specifically, 

how to introduce index contrast along the horizontal direction. Previous there were many 

papers about LNOI waveguides, either by using direct etch or introduce other kinds of 

materials to form ridge structures for light guiding [14], [15], as shown in Fig. 3.1(c). 

However, prior to our work, the propagation losses of those waveguides are much higher (on 

the order of few dB/cm) [10] compared to those of bulky waveguides by proton exchange 

and Ti diffusion. The reason is due to the extra loss introduced during the processing for the 

waveguide ridge. 

 

Figure. 3.2: (a) Schematic cross-section of the waveguide; (b) and (c): Simulated fundamental TE 

mode profiles of the waveguide at 1550 nm and 775 nm, respectively 

 

In this work, we chose a waveguide structure with silicon nitride (SiN) rib standing on 

the LN film, as shown in Fig. 3.2 (a) [16]. There are several advantages of using SiN: First, 

SiN has lower material loss, a broader transparency window (0.4-6.7 µm), and does not 

suffer from two-photon absorption. Low loss SiN waveguides are popular for nonlinear 

photonics, like Kerr frequency comb and soliton generations. Second, the refractive index of 
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Si3N4 (1.98) is slightly smaller than that of LN, so the mode of the hybrid waveguide can be 

highly confined in the LN core for efficient nonlinear processes. Furthermore, SiN is a widely 

used CMOS compatible material in photonic foundry, which leads to the convenience for 

future integration in PICs. 

The orientation of the LN film is set to be X-cut, instead of previously commonly used Y-

cut crystal. In the X-cut layer, the largest nonlinear coefficient d33 is in the plane of the 

surface so that can be aligned with TE polarization, whose fundamental mode is of particular 

interest in PICs. This choice of crystal orientation enables a surface poling technology that we 

developed for thin film domain engineering, which will be discussed later in this chapter. 

One factor which needs to be taken into account for ridge waveguide design is the lateral 

leakage. This effect was first observed in silicon on insulator ridge/rib waveguides, where the 

TM optical waveguide mode couples to an orthogonally polarized TE slab mode, which has a 

higher effective refractive index.  The angle under which the TM optical waveguide mode 

couples to the TE slab modes depends thereby on the phase matching ( sinTE TMn n  ).  The 

light that leaks into slab modes can be seen as a contribution to optical waveguide loss, which 

is unwanted. X-cut LN ridge waveguides are more prone to this problem due to 

birefringence. As the result, the thickness of the LN layer needs to be carefully designed.  

Detailed discussion is included in the testing and results section. 

  One of the devices we designed is the thin film PPLN waveguide. Fig. 3.2 (b) and Fig. 

3.2 (c) depict the simulated TE waveguide mode profile at the fundamental (1550 nm) and 

the SHG (775 nm) signals, respectively, simulated with FIMMWAVE. The SiN layer is set to 

be 400 nm and LN thickness is set to be 700 nm. Due to the high index contrast structure 

(~0.6) and the sub-micron thickness of the LN film, the waveguide modes are confined into 

an area that is more than one order of magnitude smaller than obtained with proton exchange 
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or with Ti in-diffusion. This directly relates to more than an order of magnitude improvement 

for the efficiency of nonlinear effect. For both modes, over 90 % of the power is confined in 

the LN film. 

 

Figure. 3.3: Simulated effective waveguide area (Aeff) for the fundamental TE mode at 775 nm and at 

1550 nm, and Seff between these two modes as a function of the SiN ridge width. 

 

As shown in Fig. 3.3, by tailoring the size of the SiN ridge, the effective mode size Aeff at 

both the telecom band (1550 nm), and the corresponding second harmonic light, (775 nm), 

can be reduced to around 2 µm2. Also, the effective area of  Seff between these two modes for 

SHG, is close to the effective waveguide areas for both wavelengths, suggesting good 

overlap. This is critical for achieving high conversion efficiency.  

3.3 Fabrication 

In this section, process of LNOI nonlinear platform will be discussed. We will mainly 

focus on two key technologies we developed: the low loss waveguide process and thin film 

LN periodic poling.  
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3.3.1 Heterogeneous bonding 

The heterogeneous bonding to build LNOI is similar with the smart cut technology used 

for fabricating SOI wafers. The general process is illustrated in Ref. [2]. At first ion 

implantation is applied to a donor LN wafer to create a defect layer. Then the crystal is 

bonded onto SiO2 layer, which is on a handle wafer, assisted by plasma activation. After that, 

the bonded wafer go through high temperature annealing, which not only slice a LN layer 

from donor wafer from the implanted region, but also enhance the bonding strength. Once the 

thin film LN is left on the wafer with SiO2 layer, a following CMP is applied to smooth the 

surface.  

The heterogeneous LNOI technology has been well developed since the first 

demonstration and soon was commercialized. Now, 3- or 4- inch LNOI wafers, either with 

LN native or silicon substrate, can be provided by several companies. This dramatically 

relieves the requirements for fabrication of LNOI based photonic devices because usually the 

heterogeneous bonding is usually not available to most research labs or industries.  

Other than wafer-to-wafer bonding, another approach for building integrated nonlinear 

device is to bond small LN dies, directly to waveguides, which has already been constructed, 

e.g. Si or SiN, to form PICs. This approach is particularly suitable to add the nonlinear 

functionality offered by LN into CMOS compatible chips for large scale and high volume 

production. More details will be discussed in Chapter 5. 

3.3.2 Waveguide process 

For making low loss LN-SiN waveguide, the key is to introduce high quality SiN and 

apply etch with low roughness. For SiN layer deposition, a common used method is low-

pressure chemical vapor deposition (LPCVD), plasma-enhanced chemical vapor deposition 
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(PECVD) and sputtering. However, LPCVD requires a high deposition temperature (~ 800 

C ), which leads to cracking of the LN film due to the mismatch of thermal expansion 

coefficient between LN and SiO2. For PECVD nitride, due to the reaction 

2( )x x xSiH NH SiN H   , there are N-H bonds in deposited SiN films, which leads to 

absorption at C band. As a result, in this work we use sputtering for SiN deposition, which is 

done at room temperature without Hydrogen. 

 

Figure. 3.4: SEM image taken after the sample is polished and then dipped in BHF for 1 min for 

improving the contrast. 

 

The lithography is done by an i-line stepper to define the waveguide pattern. An 

inductively coupled plasma (ICP) etch is used to etch SiN. The gas flow for the etch is 

CHF3/CF4/O2. After the dry etch, the waveguides are coated with SiO2 top cladding by 

sputtering as well. The cross section of the waveguide is shown in Fig. 3.4. 
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3.3.3 Thin film lithium niobate poling 

Compared to traditional poling for bulky Z-cut LN crystal [17], the thin film poling for X-

cut LN film requires the domain inversion along instead of vertical to the surface, so that both 

the positive and negative electrode should be put on the top of the LN layer. A more 

challenging part for thin film poling is the much shorter poling period, at the order of a few 

microns, which is caused by the stronger dispersion of compact mode size of SiN-LN 

waveguide [16]. 
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Figure. 3.5: (a)-(d) Schematic illustration of the evolution of inverted domain using a long poling 

pulse; (e)-(h) Schematic illustration of the evolution of inverted domains using multi-pulse waveform 

with short pulse duration. 

 

The poling step is shown in Fig.3.5. In order to prevent the domain walls to merge 

together in the presence of short poling period, a small electrode spacing of 20 µm is used, 

with 30 µm long electrode teeth and 25 % duty cycle. Under this condition, we have achieved 
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a poling period as short as 2.4 µm, only limited by minimum feature size (600nm) of our 

lithography. We believe that switching to DUV or e-beam lithography can help us reach sub-

micron periods. 

The electric field needed for thin film poling is found to be higher than that for bulk 

poling. Indeed, domain inversion starts to occur with an electrical field greater than 30 

kV/mm, while the threshold field for bulk LN [17] is ~21 kV/mm. This increase of threshold 

for poling can be attributed to the bonding interface between the thin film LN and the SiO2 

buffer layer, which hinders the domain inversion. At the same time, a high electric field is 

helpful to improve the poling yield, but it also speeds up the spread of the domain wall. 

Therefore, a trade-off should be found for the value of the field to be applied for actual 

poling. 

As schematically illustrated in Fig. 3.5(a)-(d), the thin film LN poling may suffer from low 

yield and bad uniformity using traditional long-pulse poling. This is due to severe random 

domain growth and domain wall spread from the heating of the current channel [18]. To 

mitigate this, a multi-pulse voltage waveform with short pulse duration (~10 ms) is applied. 

We notice that, most nucleation sites where domain inversion starts from are generated at the 

beginning of a poling voltage pulse. Repeating the pulses thus allows the generation of more 

nucleation sites. This helps improve the uniformity of domain growth. The short pulse 

terminates before the temperature rises, thus minimizing the domain wall spread. Fig. 3.5(e)-

(h) show the schematic evolution of the inverted domain using this method.   

To further improve the poling quality of the device, the waveguide location is carefully 

designed. It was found that the best poling profile is achieved if the waveguide is defined 

closer to the positive electrode, shown in Fig. 3.5(h). The width of this region [labeled 

“Region I”] increases with the number of poling pulses, which should be set enough for 
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yielding a large number of nucleation sites. However, too many pulses may also increase the 

leakage current, spread or even merge the inverted domain and destroy the uniformity of the 

duty cycle. In this work, the poling conditions are optimized so that the width of Region I is 

~4 µm. This allows the waveguide mode to fully overlap with the inverted domains, without 

significantly influencing duty cycle uniformity. In order to visualize the inverted domain, we 

use ion milling to create a cross section and let the z-surface of crystal exposed. By using HF 

etch, which attacks inverted and non-inverted domain differently, the poling position can be 

visualized. Fig. 3.6(b) shows the poling profiles in Region I for the actual device, which has 

~100% yield and good duty cycle uniformity.  Fig.3.6(c) shows a zoomed-in picture of 

inverted domain under SEM. The etched thickness by ion milling is 500 nm and the poling 

profile fully penetrated this thickness with almost constant duty cycle. 

 

Figure. 3.6: (a) Schematic of cross-section of the device obtained after ion milling to visualize the 

periodically-poled region; (b) Top-view micrograph of the cross-section of a poled device after 10 min 
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48 % HF etch at room temperature. The dashed line corresponds to the cross-section in which the 

bright part is the poled area; (c) SEM image of inverted domain. 

 

For a 700 nm thick LN film poling, we chose a relatively high electric field (48 kV/mm) 

to improve the poling yield. A pulse duration of 10 ms leads to good poling profile. We use 2 

pulses, resulting in a duty cycle of (40 ± 10) % and almost 100 % yield. The interval between 

each pulse is 10 s to reduce thermal issues.  These conditions result in a poling quality that is 

comparable to bulk LN poling [17]. 

 

Figure. 3.7: Processing flow of PPLN waveguide fabrication. 

 

The periodic poling technology, combined with the waveguide fabrication process, can 

enable the demonstration of thin film PPLN on chip. The processing flow is shown in Fig. 

3.7. 
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3.4 Low loss waveguide 

The propagation loss of waveguides is the key factor that influences the nonlinear 

performance. For PPLN waveguides, a lower loss enables a longer interaction length for 

nonlinear process. For resonator designs, it leads to a high quality factor to enhancing the 

light intensity inside cavities, which can significantly improve the efficiencies of frequency 

conversion. 

In this work, the loss of LNOI waveguide is extracted from the Fabry-Perot fringes 

arising from facet-to-facet reflections in the waveguide. The values of loss are obtained from 

standard Hakki-Paoli methods: 

1
ln( 1 2 )

1

K
L R R

K






                                              (3.4.1) 

Where L is the length of the cavity,   is the propagation loss, R1 and R2 are the 

reflectivities of the input and output facet, which is calculated by FDTD simulations, K is the 

extinction ratio of the Fabry-Perot ripples. 
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Figure. 3.8: Transmission spectrum for a 5-mm long waveguide whose SiN ridge is 2 µm wide and 

400 nm tall on a 700 nm thick LN film. 

 

For a 5-mm long waveguide, the transmission is plotted in Fig. 3.8. Based on Eq. (3.4.1), 

it can be estimated that the propagation loss of the waveguide near 1550 nm wavelength is αω 

≅ (0.3 ± 0.2) dB/cm. The uncertainly is caused by the variation of the extinction ratio K over 

the spectrum. For the first time, the ultra-low loss of LNOI waveguide is comparable to the 

best results obtained with proton exchange and Ti in-diffused waveguides, which is essential 

for building long PPLN devices.  

3.5 PPLN waveguides for frequency conversion 

PPLN waveguides are previously the most commonly used devices for three-wave mixing 

process, in optical communication networks, single-photon generation and multi-laser 

sources. Here we successfully transfer this technology to LNOI platform. 

The performance of the PPLN is evaluated in terms of SHG. A tunable single-frequency 

CW laser (Agilent 81642A, typical linewidth: ~0.1 MHz, spectral range: 1510-1640 nm) is 

used as the seed. An erbium-doped fiber amplifier (EDFA, IPG EAR-2K-C) is used during 

high-power testing. Light is passed through a polarization controller to excite the TE-

polarized mode of the waveguide. Tapered lensed fibers couple the light in and out of the 

PPLN device. A wavelength-division multiplexer (WDM) is placed at the output to split the 

pump light and the SH light. A telecom-wavelength optical power meter and a Si-PIN photo-

detector are used to monitor the pump and SH power, respectively. Finally, the output 

spectra are recorded by an optical spectrum analyzer (Yokogawa AQ6370C). 
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Figure. 3.9: PPLN waveguide characterized as a wavelength converter using SHG: (a) normalized 

efficiency as a function of the pump wavelength; (b) peak generated SH power under different pump 

powers (red crosses), compared to theoretical predictions from (S7), assuming ηnor = 160 % W–1·cm–2. 

 

For a waveguide with 700 nm thick LN film, the poling period is around 6.6 µm. The 

normalized SHG efficiency for a 5-mm long PPLN waveguides is shown in Fig. 3.9(a).  The 

peak normalized efficiency ηnor we achieved is ~160 % W–1·cm–2 at 1530 nm pumping 

wavelength. This is more than 4 times larger than that of typical PPLNs (30-40 % W–1·cm–2) 

[1]. The SH power generated is 80 nW at a pump power of 0.5 mW. Fig. 3.9(b) shows the 

peak SH power under different pump powers. A good agreement is obtained with the 

theoretical predictions, assuming ηnor = 160 % W–1·cm–2.  The coupling loss at telecom band 

is ~6 dB per facet. For SH light the coupling loss plus the propagation loss in lensed fiber is 

~14 dB. The relative high insertion losses at input and output are mainly due to the much 

smaller mode size, and to the fact that lensed fibers are multi-mode for SH light, which 

increases both the coupling and propagation loss of the fiber. This influences the external 

conversion efficiency. However, adding waveguide tapers at both input and output to match 

the spot size can help reduce the coupling losses. Moreover, switching to free space coupling 
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may also reduce the loss caused by the lensed fiber, in particular for the SH light. We would 

expect that finally the coupling loss is comparable with bulk PPLN waveguides.  

The theoretical predicted normalized efficiency is 1600% W-1cm-2, ten times higher than 

the one mentioned above. One reason for that difference is the leakage of light for the SHG 

light, which was first observed in silicon on insulator ridge/rib waveguides, where the TM 

optical waveguide mode couples to an orthogonally polarized TE slab mode, which has a 

higher effective refractive index.  The angle under which the TM optical waveguide mode 

couples to the TE slab modes depends thereby on the phase matching ( sinTE TMn n  ).   

  

 

Figure. 3.10: Effective index difference between the TE waveguide mode and the TM slab mode. 

Waveguide with 0effn   can suffer from lateral leakage. 
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Ridge waveguides in LNOI, such as the illustrated one in the inset of Fig. 3.10, are prone 

to the same effect, because the TM slab mode that surrounds the ridge waveguide, can be 

higher than the TE waveguide mode (as the ordinary refractive no index is higher than the 

extraordinary refractive ne index in lithium niobate).  Fig. 3.10 shows the difference between 

the effective index of the TE waveguide mode and the TM slab mode 

(
, _ , _eff eff TE waveguide eff TM slabn n n   ) as a function of wavelength and lithium niobate thickness, 

using the following parameters: the silicon nitride (SiN) thickness was 400 nm, the etch depth 

( etchh ) was 350 nm and the waveguide width (w) was 2 µm.  The black line in the graph 

indicates a refractive index difference between the modes of zero ( 0effn  ), which means 

that waveguides that are above the black line can suffer from lateral leakage.  One can see 

that the lithium niobate thin-film thickness needs to be thinner for waveguides that are 

designed for shorter wavelengths.   

 

Figure. 3.11: (a) fundamental and SHG power as a function of the pump wavelength; (b) SHG 

efficiency and fitted curve. 

 

To address this problem, we chose a lithium niobate thin-film thickness of 300 nm, in 

order to avoid lateral leakage at the SH wavelength, when pumping the waveguide at C-band 
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wavelengths.  The thinner lithium niobate thickness requires us to adapt the poling period of 

the quasi-phase matching structure to 4.98 µm.  The length of the periodically poled 

waveguide was 4.8 mm.  Fig. 3.11(a) shows the fundamental and SHG power on the chip as 

a function of the pump wavelength.  It can be seen that the SHG power is highest around a 

wavelength of 1.575 µm.  The periodic oscillations in the fundamental and SH power can be 

explained by the Fabry-Perot effect from the end faces of the waveguide.  Fig. 3.11(b) shows 

the SHG efficiency as a function of the pump wavelength, where the green curve is a fitted 

sinc2 function. The peak normalized conversion efficiency we demonstrated is ~780% W-1cm-

2. 

3.6 Summary and outlook 

Besides SHG, PPLN also play important roles in other nonlinear applications such as 

OPO and DFG. Moreover, building resonant cavities based on PPLN waveguides can further 

enhance the nonlinear efficiencies. Another interesting area for LNOI in nonlinear optics is 

the frequency comb generation, either by the Kerr or cascaded χ(2) effect.  Besides our low 

loss structures, recently there have been many works of low loss LNOI waveguide by using 

direct etch, which can also enable high Q resonators for those demonstrations. 

Another important application for LN is electro-optic (EO) modulators. For decades, 

diffused waveguide based lithium niobate modulators were one of the standard optical 

modulators in telecommunication applications. LN modulators in LNOI can achieve very high 

modulation frequencies with moderately low voltage-length product (VL). The low voltage-

length product can be important in both the energy consumption of the device, but also in 

allowing for compact device size. It can be envisaged to have the same compact dimensions 

as the InP modulators that are now displacing traditional in-diffused LN waveguide based 
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modulators in coherent optical transceivers. Moreover, the fast response time of LNOI 

modulators (up to 110 GHz) [19], [20] makes their modulation bandwidth more than 

sufficient for future 400 Gb/s channels running at over 60 Gbaud.  
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Chapter 4 

(Aluminum) Gallium Arsenide on insulator platform  

4.1. Background 

In last chapter, we discussed the heterogeneous LNOI as a promising nonlinear platform. 

However, LNOI, as well as many other nonlinear dielectric nonlinear platforms, also suffers 

from many problems when integrating nonlinear components into PICs, which are due to the 

intrinsic properties of the dielectric material itself. 

One major challenge for nonlinear dielectric nonlinear devices is the efficiency. The power 

levels that are achievable with integrated lasers are usually not high enough to drive current 

on-chip nonlinear optical processes efficiently. Typical on-chip laser powers are in the order 

of tens of milliwatt or lower [1].  However, current most demonstrated integrated nonlinear 

devices do not meet the efficiency requirements to work at these power levels.  One example 

is OPOs.  So far the lasing of an integrated OPO based on χ(2) nonlinearity, which is pumped 

by an on-chip laser, has not been demonstrated due to the high threshold power requirements 
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[2]. Even though a lot of research has been put in increasing the quality factor of dielectric 

resonators to overcome this difficulty, the intrinsic low nonlinear coefficients prevent the 

realization of ultra-high efficiencies of those devices. 

Another difficulty is that currently the dielectric nonlinear materials used for integrated 

photonics are not compatible with the integrated active devices [3], [4], either in design, 

fabrication, or integration.  As a result, the nonlinear components are still far from being 

integrated together with lasers, amplifiers and photodetectors on the same chip, but have to 

be connected by either fiber coupling or chip to chip butt coupling [5].  This dilemma not 

only drops the conversion efficiency of the nonlinear optical process by orders of magnitude 

due to the power lost in coupling, but also introduces degradation to the whole system 

performance due to the coupling instabilities and reflections of the facets. 

 

Material d ( χ(2)) [pm/V] χ(3) [cm2/W] Mode size [µm2] 

LiNbO3 30  5.3 × 10-15  ~2 

AIN 1  2.3 × 10-15  ~1 

Si3N4 - 2.5 × 10-15  ~1 

Si - 6.5 × 10-14  ~0.25 

GaAs 
(AlGaAs) 119  1.6 × 10-13  ~0.25 

 

Table 4.1. Comparison of nonlinear optical coefficients and mode sizes of waveguides among 

commonly used nonlinear materials. 
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The key to solve those problems is to find materials that can be used for ultra-high 

efficient nonlinear processes and as active devices simultaneously. GaAs and the closely 

related AlGaAs alloy turn out to be the perfect candidate, as they have one of the largest 

second (χ(2)) and third order nonlinear optical coefficients (χ(3)) [6], orders of magnitude 

higher than those of other commonly used nonlinear optical materials (see Table 4.1).  

However, previously, most GaAs (AlGaAs) waveguides used GaAs (AlGaAs) thin films on 

native substrates due to the epitaxial growth requirements [7].  Those waveguides have a 

relative weak vertical refractive index contrast (n  0.2), which limits the achievable optical 

intensity and hampers waveguide designs that fulfill the phase matching condition or allow 

dispersion engineering.  Several techniques have been demonstrated to overcome these 

issues, such as thermally oxidizing of AlGaAs cladding layers or suspending the waveguides 

[7]–[9].  However, those approaches suffer from high optical waveguide losses, which 

prevent the use of such designs for long waveguides or high Q resonators to boost the 

nonlinear process. Furthermore, most of these waveguide designs are difficult to integrate in 

common PIC platforms.  These limitations can be overcome by heterogeneous integration 

[10], which enables a convenient way to integrate high quality nonlinear materials into PICs 

[11].  Heterogeneous integration also enables the use of low-index claddings, e.g. SiO2 for 

high optical confinement, which enhances the nonlinear optical interaction due to the higher 

intensity.   

In this work, we present a (Al)GaAs on insulator ((Al)GaAsOI) waveguide nonlinear 

optical platform. The waveguide structure is achieved by heterogeneous bonding a (Al)GaAs 

thin-film onto an oxidized Si substrate and coating it with SiO2. This platform enables highly 

efficient nonlinear optical processes, thanks to the high material nonlinearity of (Al)GaAs, the 

strong refractive index contrast and the low propagation loss of the waveguides. In later 
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sections of this chapter, we will show many ultra-efficient nonlinear processes on this 

platform: a record high SHG nomalized efficiency of 13,000%W-1cm-2 from waveguide, 

65,000 %/W absolute SHG conversion efficiency inside resonators, and record low threshold 

of 220 µW for frequency comb generation. We will also show the high Q resonators 

demonstrated with beyond 1 million Q. Furthermore, the future for a fully integrated 

nonlinear PICs offered by this platform will also be discussed. 

4.2. Fabrication 

In this section, processing of the (Al)GaAs nonlinear platform will be discussed, including 

the heterogeneous integration of (Al)GaAs and the fabrication of low loss waveguides.  

4.2.1 Heterogeneous bonding 

Heterogeneous bonding for (Al)GaAs is a mature technique widely applied in silicon 

photonics to integrate gain medium onto Si waveguide [1]. However, to transfer this 

technology onto insulator didn’t originate until recently. The first attempt for this approach 

was done by depositing PECVD SiO2 on the epi surface and then doing BCB bonding 

afterwards onto an InP handling wafer [10].  Even though it offers the high index contrast 

required for nonlinear applications, the BCB bonding post stability problems to the process. 

In the meanwhile, the InP handling wafer may have difficulties for high volume and low cost 

production. 
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Figure. 4.1: Process flow for GaAs waveguide device fabrication. 

 

Here we developed a process by using directly bonding technology and Si substrate [12]. 

The process flow is shown in Fig. 4.1. The epi is prepared by metal-organic chemical vapor 

deposition (MOCVD), with (Al)GaAs nonlinear on top and a sacrificial layer between 

nonlinear film and substrate. There are many different options for the sacrificial layer, such as 

AlGaAs with high Al portion or InGaP. The former one is preferred for AlGaAs integration 

as the high selectivity. A 5-nm-thick adhesion layer (SiN or Al2O3) was sputtered on the 

(Al)GaAs thin-film surface, to enhance the bonding strength compared to SiO2-(Al)GaAs 

interface.  This chip was bonded onto a Si wafer with 3-µm-thick thermal SiO2 layer, after 

plasma activation. The thermal SiO2 layer was patterned before the bonding by inductively 

coupled plasma (ICP) etching to form 5 × 5 µm2 square vertical channels (VCs) with 50 µm 

spacing for gas release.  The bonded piece was annealed for 12 hours under pressure to 
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enhance the bonding strength. Afterwards, mechanical polishing was applied to lap the GaAs 

substrate thickness down to 70 µm. The remaining GaAs substrate was removed by wet 

etching with H2O2:NH4OH (30:1) and the sacrificial layer was removed by wet etch. Fig. 4.2 

shows the picture of the bonded chip after substrate removal, with a bonding yield larger than 

95%.  The surface roughness of the bonded GaAs thin film on the chip is ~0.3 nm (RMS), 

which is very similar compared to the pre-processing surface of GaAs (~0.2 nm), both 

measured by atomic force microscopy.  

Bonded GaAs

Pre-bond GaAs surface 
roughness: RMS ~0.2 nm

Post-bond GaAs surface 
roughness RMS ~0.3 nm

 

Figure. 4.2: Bonded GaAs thin film on SiO2 after substrate removal (left), and the AFM results for 

surface roughness before and after bonding. 

4.2.2 (Al)GaAsOI waveguide process 

The key step for (Al)GaAsOI process is the waveguide etch, because the high index 

contrast means the loss is more sensitive to the scattering of the sidewall. In this work, after 

substrate removal and sacrificial layer wet etching, a layer of SiO2 was deposited on the 

(Al)GaAs thin-film as hard mask. The SiO2 layer was patterned by using Deep Ultraviolet 
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(DUV) lithography followed by Inductively Coupled Plasma (ICP) etching with a 

CHF3/CF4/O2 gas chemistry. Afterwards, a 15 second ICP etching step with a Cl2/N2 gas 

chemistry was applied to etch the GaAs layer. 

To get a smooth etching profile, the lithography and etching have been optimized to 

reduce the roughness. Fig. 4.3 shows the SEM image of the waveguide sidewall, as well as 

the cross section (right).  

 

Figure. 4.3: SEM image of GaAs waveguide with SiO2 hard mask on top after GaAs etch (left) and 

SEM image of the waveguide cross section (right). 

 

4.2.3 Surface passivation  

The defects states at the (Al)GaAs surface may lead to significant absorption, increasing 

the waveguide loss [13]. To address that, surface passivation is required in the waveguide 

process.  In this work, we use Atomic Layer Deposit (ALD) to deposit highly uniform, 

conformal layer of alumina (Al2O3) on each side of (Al)GaAs core. The thickness of the layer 

is between 5 to 10 nm. 
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Besides the Al2O3, it is found that sputtered SiN layer are also beneficial for the 

passivation. The waveguide fully passivated by SiN shows similar propagation loss with the 

one with Al2O3. This may be explained by the theory previously proposed that the formation 

of stable GaN on the surface of (Al)GaAs can eliminate the defect states. Further 

investigation in this approach, as well as using other materials for reducing the surface 

absorption, would be of importance, especially when working at short wavelengths.  

4.3. Waveguides for SHG 

One great advantage of the (Al)GaAsOI platform is the high index contrast, which can 

fulfill the phase matching condition for efficient three wave mixing. This can be explained by 

the fact that for waveguides with submicron dimensions, the dispersion is mainly determined 

by waveguide geometry rather than the material dispersion. Here we take the SHG process as 

an example. In this case the effective refractive indices for different polarized modes of the 

waveguide at the pump and SH wavelength can be matched by finding the right waveguide 

geometry (modal phase matching).  

 

Figure. 4.4: Nonlinear waveguide design: (a) Waveguide cross section geometry; (b) Mode 

distribution of fundamental TE mode at 2 µm wavelength; (c) Mode distribution of fundamental TM 

mode at 1 µm wavelength. 
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The schematic cross section of a GaAs waveguide for SHG is shown in Fig. 4.4(a).  Here, 

we designed a waveguide to achieve SHG when using a fundamental pump wavelength of 

2 µm.  Fig. 4.4(b) and (c) show the simulated mode distributions for the fundamental TE and 

TM modes at 2 and 1 µm wavelength, respectively.  The effective refractive indices of the 

two modes is matched by tailoring the thickness and width of GaAs waveguide. Fig. 4.5(a) 

shows the relation between the waveguide thickness and width to achieve phase matching for 

a pump wavelength of 2 µm – a thicker GaAs film requires a wider waveguide to fulfill the 

phase matching condition. For our purposes, we chose a GaAs thickness of 150 nm, which 

corresponds to a waveguide width of 1.5 µm.  This is a compromise between a relatively 

narrow waveguide to achieve a high intensity, while not too small to cause increased 

propagation loss due to scattering from the waveguide sidewalls.  Fig. 4.5(b) shows the 

effective indices of the two modes as a function of waveguide width.  Phase matching is 

fulfilled at the intersection point of the two curves. 

 

Figure. 4.5: (a) Required waveguide width to achieve phase matching for SHG at a fundamental 

wavelength of 2 µm as a function of the GaAs thickness; (b) Effective indices of the pump and SH 
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modes as a function of the waveguide width for a GaAs thickness of 150 nm at wavelengths of 2 µm 

and 1 µm. 

 

The calculated normalized efficiency for the chosen waveguide geometry is 32,000% W-

1cm-2.  This value is one order of magnitude higher than previous reported numbers of thin 

film LiNbO3 platform [14].  This significant increase is mainly caused by two factors: the 

higher nonlinear coefficient and the smaller mode size.  When one compares the GaAs 

platform to the thin film LiNbO3 waveguide platform, it can be found that the GaAs 

waveguide has a 4-6 times higher χ(2) (d14) and 4 times smaller waveguide mode size. In 

addition, the modal phase matching gains a factor of (/2)2 [15] enhancement in efficiency 

when compared to QPM, because the SHG light is in phase with the pump wavelength along 

the whole waveguide length.  

 

Figure. 4.6: Schematic of the SH characterization setup. 

 

A schematic illustration of the nonlinear optical characterization setup is shown in Fig. 

4.6. A 1975-2075 nm tunable CW laser (New Focus TLB6700) is used as light source. About 

1 mW (0 dBm) power from the laser’s free-space output is coupled into a 2 µm wavelength 

single mode fiber.  The fiber coupled light passes through a 2 µm fiber amplifier (AdValue 

Photonics), which increases the pump power. A polarization controller is used afterwards to 
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align the polarization of the light so that the fundamental TE mode of the GaAs waveguide is 

excited when using a lensed fiber.  The focal spot size of the lensed fiber is ~2 µm.  The light 

from the waveguide output port is collected by another lensed fiber, which is connected to a 

wavelength-division multiplexer, splitting the pump and SHG light. The pump light is 

analyzed by an optical spectrum analyzer (OSA) and the SH power is measured by a Si 

photodetector, respectively. 

 

Figure. 4.7: Experimental results: (a) SHG and pump power as a function of the pump wavelength for 

a 1.4-mm-long waveguide with inverse taper input; (c) Single pass conversion efficiency extracted 

from (a). 

 

The SHG characterization results for a 1.4-mm-long, 1.53-µm-wide waveguide are 

plotted in Fig. 4.7(a).  The input port of the waveguide device is a 200-µm-long, 350-nm-

wide waveguide, connected to the SHG waveguide section by a 100-µm-long linear taper. 

This was done to increase the coupling coefficient at input port, which is estimated to be 

around 0.45 (-3.5 dB) by experiment.  The coupling coefficient for the pump and SHG light 

at the output port, which is a normal edge coupler with same waveguide width as the SHG 
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section, are estimated to be around 0.25 (-6 dB) by experiment and 0.3 (-5.2 dB) by FDTD 

simulation, respectively. No inverse taper was chosen on this side, as it is difficult to fabricate 

the desired waveguide width (150 nm) for the SH wavelength by our current lithography, 

which can be solved in future by using electron beam lithography.  The fabricated waveguide 

has a propagation loss at the pump wavelength of approximately 1-2 dB/cm. This value was 

extracted by using the Fabry-Perot method [16] and verified by the quality factor of a ring 

resonator with same waveguide geometry.  The low waveguide loss is a result of the smooth 

waveguide sidewalls (see Fig. 3 (b)), top and bottom surface (RMS ~0.3 and 0.2nm).  Figure 

4.7(a) presents the pump (Pω) and SHG power (P2ω) as a function of the pump wavelength, 

where the plotted powers refer to the power levels inside of the waveguide.  Figure 4.7(b) 

shows the normalized efficiency of this waveguide (Red dots), which is extracted based on 

the formula P2ω/(PωL)2. The maximum single pass conversion efficiency of this waveguide is 

about 250% W-1, which corresponds to a normalized efficiency of 13,000% W-1cm-2 for a 

1.4 mm long waveguide. The blue curve shows a plot of sinc2 function fitted to experimental 

result, which indicates that the spectral shape of the measurement result closely matches the 

theoretically expected function.  The fitted full width at half maximum (FWHM) bandwidth 

of the sinc2 function is 0.93 nm, which is very close to the theoretical prediction of 0.90 nm, 

indicating good agreement. 

The transmission spectra of the fundamental wavelength in Fig. 4.7 (a) shows periodic 

ripples, caused by the waveguide end faces, which form a low-finesse Fabry-Perot cavity.  

This resonance enhances the fundamental power and therefore also the generated SH power 

inside of the waveguide as evident in Fig. 4.7 (a) by the periodic ripples in the fundamental 

and SH power.  The extinction ratio of the Fabry-Perot ripples is ~1 dB, which corresponds 

to a 0.5 dB enhancement of peak power compared to the power coupled into waveguide. As 
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a result, the resonance enhanced SHG efficiency (~300% W-1) is about 1 dB higher than the 

single pass efficiency.  By increasing the reflectivity of the facets, the resonance enhanced 

conversion efficiency can even further be improved due to the low propagation loss of the 

waveguide.   

 

Figure. 4.8: Dependence of phase matching wavelength on the GaAs waveguide (a) thickness and (b) 

width; (c) Phase matching wavelength of waveguides with different widths - the black diamonds 

represent measurements, the blue dashed line represents simulation results; (d) Calculated efficiency 

over propagation loss of SH light for 1.4-mm-long waveguide, assuming 2 dB/cm loss at pump 

wavelength.  
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The normalized efficiency that we achieved (13,000% W-1cm-2) is about 2.5 times smaller 

compared to the simulated normalized efficiency (32,000% W-1cm-2) for the chosen 

waveguide geometry.  A few factors may cause this discrepancy. One reason for this 

efficiency drop could be the non-uniformity of the GaAs waveguide geometry, especially the 

variation of the GaAs thickness.  Figure 4.8 (a) plots the phase matching wavelength of a 1.5-

µm-wide waveguide as a function of different GaAs thicknesses. It can be seen that a 1 nm 

change in thickness causes an 11 nm shift in the phase matching wavelength. This indicates 

that the GaAs thickness must be extremely uniform over the propagation length in order to 

achieve high conversion efficiencies. The variation of waveguide width is another uniformity 

concern that can impact the nonlinear optical efficiency of the waveguide. According to Fig. 

4.8 (b), a 10 nm change in width shifts the phase matching wavelength by 1 nm. For 

characterizing the uniformity of the waveguide geometry, a chip with a size of 2.8×10 mm2 

was fabricated. The chip accommodated waveguides with different widths. The phase 

matching wavelength of each waveguide was tested and compared to the calculated phase 

matching wavelength, as shown in Fig. 4.8 (c). It can be seen that the maximum deviation of 

the working wavelength from the simulation is approximately 5 nm. When we assume that 

the working wavelength shift is predominantly caused by waveguide thickness (width), the 

maximum GaAs thickness (width) non-uniformity over the cm-scale chip scale is about 

±0.5 nm (±50 nm). This result, along with the good fit between the measured and the 

theoretical bandwidth, suggest that other factors may be dominant to cause the lower 

measured conversion efficiency of our waveguides. 

Another reason for the discrepancy between the calculated and the measured conversion 

efficiency is the high propagation loss of TM light at the wavelength of 1 µm.  Previous 

reports that used AlGaAs waveguides for SHG [9], [17] found a ten times higher 
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propagation loss at the SH wavelength, compared to the loss at fundamental wavelength.  In 

Fig. 5 (d) we plotted the dependence of efficiency for a 1.4-mm-long waveguide as a function 

of the propagation loss at a wavelength of 1 µm, assuming 2 dB/cm propagation loss at pump 

wavelength. It can be seen that the loss at the SH wavelength can cause a significant drop in 

the conversion efficiency for loss levels in the order of tens of dB/cm. According to our cut-

back measurements, the propagation loss for the TM light at 1 µm waveguide is around 22 

dB/cm, which causes a drop of ~25% in normalized efficiency.  

Another factor that could have caused the discrepancy between the calculated and the 

measured SHG conversion efficiency is that we estimated the coupling for SH light based on 

the simulation results, which may overestimate the SH coupling efficiency and underestimate 

the conversion efficiency.  It should also be noted that there is an uncertainty about the 

nonlinear coefficient of GaAs.  We used Miller’s rule to estimate the nonlinear optical 

coefficient at a wavelength of 2 µm from the measurements reported in Refs. [18], [19], 

which seem to be fairly consistent with each other. However, older references report even 

higher nonlinear optical coefficients of GaAs [6]. 
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4.4. Micro-resonators for SHG and OPO 

 

Figure. 4.9: (a) Cross section of GaAs on insulator waveguide; (b) and (c) electric field distributions 

for fundamental TE mode at a wavelength of 2 µm and TM mode at a wavelength of 1 µm; (d) 

schematic structure of ring resonator with pulley coupler.  

 

With the highly efficient SHG waveguide we demonstrated in last section, the resonance 

structure can further the SHG efficiency [20], [21]. The cross section of the nonlinear optical 

waveguide is illustrated in Fig. 4.9 (a), where the waveguide core material (<001> oriented 

GaAs) is fully surrounded by silica.  We choose a SHG process in the GaAs waveguide 

between TE-polarized pump light and TM polarized second harmonic (SH) light, determined 

by the non-zero susceptibility elements of the χ(2) tensor.  One of the key requirements for 

high-efficiency SHG is the phase match condition, which in <001> oriented GaAs ring 

resonators, can be fulfilled by [22]: 



 

64 

 

2 2P SHm m                                                                (4.4.1) 

Where mp and mSH correspond to the azimuthal numbers of pump and SH light, 

respectively.  The azimuthal number follows the relation:  

, , ,/ /P SH P SH P SHn c m R  
                                                    (4.4.2) 

Where ωP,SH are the frequencies of pump and SH light, nP,SH are the effective indices of 

modes at those two frequencies and R is the radius of the ring resonator.  From Eq. (4.4.1) 

and (4.4.2) the relations between nP and nSH can be obtained: 

1
(1 )SH P

P

n n
m

 

                                                             (4.4.3) 

This relation indicates that, compared to the modal phase match used in straight 

waveguide, where nP and nSH should be exactly matched, here we have an offset factor of 

1/mP between the indices at two wavelengths.  In this work, the radius of the resonator we 

used is 100 µm, which correspond to an mP value around 650 and mSH around 1300±2.  As a 

result, 1/mP is much lower than 1, which means that we can design the waveguide geometry 

to match the two indices very closely, similar for the case of straight waveguide.  Here we 

pick the waveguide of the resonator to be 150 nm thick and 1300 nm wide, which 

corresponds to a phase match wavelength of ~ 2 µm.  The profile of the TE mode at a 

wavelength of 2 µm and TM mode at a wavelength of 1 µm are shown in Fig. 4.9 (c) and (d), 

respectively. 

The ring resonator is coupled to the bus waveguide with a pulley coupler, as illustrated in 

Fig. 4.9 (d).  The width of bus waveguide is 900 nm and the gap between bus and ring 

waveguides is 200 nm.  These geometries mean that the resonator is highly under coupled for 

both wavelengths.  To achieve the highest external conversion efficiency of the resonator, 
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one ideally has both wavelengths critically coupled [23].  However, increasing the coupling 

requires that either the coupling length is increased, or the gap-size is reduced between the 

waveguides.  We did not pursue either option as a longer coupling length will impact the 

phase matching condition in the resonator and the gap-size was limited by the lithography 

step used to define the waveguides.   

 

Figure. 4.10: Experimental results and analysis: (a) pump and SHG spectrum for the ring resonator, 

the embedded figure shows the zoomed in resonance and fitting curve; (b) dependence of external SHG 

conversion efficiency on the pump power, experimental results and calculation from Eq. 5, the 

embedded figure shows the SHG power as a function of the pump power, experimental results are 

compared to the case of no depletion (red dash line). 

 

Experimentally, we characterized the devices by coupling pump light with a wavelength 

of around 2 µm into the bus waveguide and detect the transmitted power at the pump and 

SHG wavelength after splitting them using a wavelength demultiplexer.  Fig. 4.10 (a) shows 

the wavelength response of the ring resonator for the pump light and the corresponding SH 

light inside the bus waveguide as a function of the pump wavelength.  Based on the full width 

at half maximum (FWHM) (8 pm) of the fitted resonance (see inset in Fig. 4.10 (a)) at the 



 

66 

 

pump wavelength, we estimate the intrinsic quality factor of the ring resonator to be higher 

than 2.6 × 105 around 2 μm wavelength. This corresponds to a linear propagation loss of 

below 2 dB/cm. A measurement with a finer spectral resolution is currently limited by the 

wavelength step size of our laser. The quality factor at 1 µm is estimated to be around 

5.7 × 104, based on the propagation loss (22 dB/cm) extracted from cutback measurement. 

Fig. 4.10 (a) also shows that the SH power is only detected at the resonance of the pump 

light.  The pump power PP and SHG power PSH inside the bus waveguide are estimated based 

on the waveguide to fiber coupling coefficients at the chip facets of 56% and 12.6%, 

respectively. The coupling structures are the inverse tapers designed for 2-μm light. The 

design of more efficient edge couplers at the SHG wavelength can be realized by using EBL 

lithography in the future, in which case the coupling coefficient is expected to be higher than 

60%. The inset of Fig. 4.10 (b) shows the PSH as a function of PP. The red dashed line has a 

slope of 2 in dB scale, which corresponds to the case of having no pump power depletion.  

The green dots represent the experimental results, where the deviation from the red line 

occurs at a pump power of less than 1 mW inside the bus waveguide, of which < 200 µW 

power is coupled into the resonator.  This indicates that a significant frequency conversion 

takes place inside the cavity at very low pump powers as the pump gets depleted. 

The external normalized SHG efficiency for this device is around 100%/W at low pump 

power region, which is orders of magnitude higher compared to the efficiency of previous 

research on GaAs (AlGaAs) microdisks [24], [25]. When one considers that the ring 

resonator is highly under-coupled at both pump and SHG wavelength, the internal conversion 

efficiency is a better parameter for characterizing the cavity’s capability for frequency 

conversion. Here the internal efficiency refers to SHG efficiency inside the cavity. To extract 

that, we use the model in Eq. (2.1.31), the correlation between ηSH and PP can be built, with 



 

67 

 

two unknown constants rSH and P0.  P0 is the characteristic power constant indicating the 

point higher than which the depletion starts to be significant. The value of rP can be extracted 

from the spectrum of pump resonance.  

Fig. 4.10 (b) shows the plot of ηSH as a function of PP. By fitting the model Eq. (2.1.31) 

based on the experimental results (green dots), we extracted the values of rSH and P0 to be 

0.05 and 0.4 mW, which correspond to the red dashed curve. It can be seen that the 

experimental results match well with the theory. Here, we did not include the nonidealities of 

the cavity into our model, which will be discussed afterwards. 

The following equation is used to estimate how much of the pump power that is coupled 

into the cavity is frequency doubled: 

_

_

1 SH SH
SH in

SH P P t

r P

r P P






                                                   (4.4.4) 

Where PP_t is the transmitted power of pump light, which can be determined by our 

experimental results. When there is 0.34 mW pump power inside bus waveguide, 61 µW of it 

is coupled into cavity.  The internal conversion efficiency in this situation is estimated to be 

4% based on Eq. (2.1.31), which correspond to an internal normalized efficiency around 

65,000 %/W. Such a high internal conversion efficiency can be explained by the high 

nonlinear optical coefficients of GaAs compared to those of other χ(2) resonators, the tight 

mode confinement, the efficient phase-matching and the high quality factors we achieved in 

this platform.  

To calculate the ideal conversion efficiency for a GaAs ring resonator, it is hard to use 

Eq. (2.1.31) directly as d is not a constant value for a ring resonator due to waveguide bends. 

In Ref.[22], a detailed theoretical analysis has been done to deal with this problem, which will 

be referred to in the following.  
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In the low pump power region, for an ideal GaAs ring resonator, with critical couples and 

aligned resonances, the expected SHG power coupled outside the resonator is: 
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Where K± is the nonlinear coupling coefficients for Δm = ±2. In a cylindrical coordination 

system, it can be expressed as: 
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Where Ψ(r) and Z(z) come from the expression for the field distribution (Fz = Hz or Ez) of 

the mode: 

               
exp( ) ( ) ( ) ( )exp[ ( )]zF i t A r Z z i t m     

                                (4.4.7) 

For more details, please refer to Ref. [22]. Here, we solve the modes numerically by using 

Lumerical FDTD. Then through Eq. (4.4.6) we obtain the value of K+ and K- to be 0.0575 W-

1/2 and 0.042 W-1/2, respectively.  The external normalized conversion efficiencies are 

estimated to be 68,445 %/W and 36,504 %/W, respectively, which is about four times higher 

than the value we estimated above. 

A possible reason for this discrepancy may be due to the uniformity or defects inside the 

cavities. Another factor which may also affects the efficiency is the mismatch between 

resonances, either caused by the initial structure of the ring or the thermal effect when 

injecting high power into the cavity. According to Ref. [26], when taking the resonance 

detuning into consideration, the conversion efficiency expression becomes: 
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Here _( ) /P p r P P    
 ( _( 2 ) /SH SH r P SH    

), _p r
and _SH r

correspond to the 

resonances of pump and SHG frequency, respectively. 0P   because the pump wavelength 

at which we extracted the efficiency is very close to the resonance as shown in Fig. 3(a). SH  

indicates the mismatch between SHG wavelength and the resonance. The conversion 

efficiency reaches the maximum when both pump and SHG wavelength are perfectly resonant 

and drops significantly when the mismatch between two resonances increases.  The power 

built up in the cavity may cause strong thermal optic effect to shift the resonances, which may 

influence the conversion efficiency under different pump powers.  In this experiment, at low 

pump power levels where the highest conversion efficiency is extracted, we did not observe 

an obvious thermal shift of the resonance. When the pump power was increased, the thermal 

shift could be observed and the pump wavelength was adjusted to follow it, whose maximum 

value ( _p r
) at highest power level is 2π × 6.4 GHz. Assuming that the dependences of 

resonance shifts on temperature are similar with results in Ref.[25], where  

(2 ) / ( 2 ) 0.077 / (0.083 0.077) 12.8P SH P       , we estimate the value of SH to be ~0.1. 

Then by plugging SH into Eq. (4.4.8), the maximum drop of the efficiency caused by thermal 

effect in this work is less than 1%. 

Another factor that can influence the efficiency is the nonlinear loss. According to 

Ref.[27], the two photon absorption (2PA) of GaAs at 2 µm is negligible, and the three 

photon absorption (3PA) is ~2 cm3/GW2, which leads to a nonlinear loss less than 0.001 

dB/cm inside the cavity under the highest power level in our experiment. This indicates that 

here the nonlinear loss is not a main contributor to the drop of efficiencies compared to other 
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factors. However, for the nonlinear applications pumped at the wavelength below 1.8 µm, 

GaAs will have strong 2PA loss. In that case, using AlGaAs with larger bandgap will be a 

better option. Furthermore, one also needs to keep in mind that GaAs can form a native oxide 

layer at the surface during processing, which can form interface states within the bandgap, 

causing additional losses [28]. Such losses can be reduced by appropriate surface passivation 

[13]. 

To further improve the conversion efficiency, a race track resonator will be a better 

choice compared to the ring resonators, as the phase matching condition can truly be fulfilled 

along the straight waveguides rather than relying on the quasi-phase matching approach in a 

ring resonator. If the straight section is much longer than the curved section, and aligned to 

the direction where the SHG interaction correspond to the non-zero susceptibility elements of 

the χ(2) tensor, we can treat the resonator by a constant nonlinear coefficient d14. For such a 

resonator with 1 mm perimeter, at 2 µm pump wavelength, νP = 150 THz, nP, SH = 2.2, d14 = 

104 pm/V, Q0P = 2.6 × 105, Q0SH = 5.7 × 104, VP
2VSH/VPPSH

2 = 2400 µm3 and assuming rP,SH = 

1, we estimate the normalized external efficiency at low power region to be 1,830,000%/W 

based on Eq. (2.1.31) and (2.1.31). 

This strong frequency conversion indicates the great potential for resonators on this 

platform for on-chip nonlinear applications. A significant amount of power can be converted 

to the second harmonic wavelength even with a pump power below one milliwatt.  These 

properties can make many currently inaccessible on-chip nonlinear systems with limited 

power budget possible, such as the on-chip self-reference of frequency comb [29], in which 

the pump power of the comb teeth for frequency doubling is around 10 µW.  For optical 

parametric oscillators (OPO), the resonance structures will lead to an ultralow threshold at 

several micro-watts, which can readily be satisfied by the current integrated lasers and will 
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also bring huge benefits to quantum applications as the filtering requirements of the pump 

power can be relaxed [30]. 

4.5. Micro-resonators for frequency comb generation 

The strong third order nonlinear coefficient of (Al)GaAs according to Table. 4.1 indicates 

a great potential for frequency comb generation on (Al)GaAsOI platform. Compared to the 

commonly used SiN or SiO2 resonators, the requirement of quality factor is greatly relieved. 

As a result, standard foundry-based fabrication procedures can be directly used. In this 

section, we focus on a comb operating at C band from AlGaAs resonators. 

 

 

Figure. 4.11: Energy bandgap of AlGaAs [31]. 

 

One difference of the nonlinear devices operating below 1700 nm, compared to the SHG 

devices we discussed in previous sections, is that the material choice needs to be AlGaAs 

rather than GaAs to avoid TPA. Fig. 4.11 is the plots for the bandgap of AlxGa1-xAs as a 

function of the Al portion. It can be found that x needs to be set to higher than 0.15 to have 

bandgap larger than 1.61 eV, which correspond to a wavelength of 770 nm. In this work, we 
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set the Al portion to be 0.2 so that the band extended to 1.67 eV (743 nm), so that the whole 

C band won’t suffer from TPA. 

 

Figure. 4.12: (a) Schematic drawing of the waveguide for comb generation; (b) Simulated dispersion 

results under different waveguide widths. 

 

For Kerr comb generation, an essential requirement based on the discussion in Section 

2.2 is that the GVD of waveguides need to be positive (anomalous dispersion) at the pump 

wavelength. Fig. 4.12 shows the cross section and the simulation of GVD for Al0.2Ga0.8AsOI 

waveguides on a 400 nm thick platform with different waveguide with. It can be found that 

for narrower waveguides the zero GVD point is blue shifted, which is preferred for broad 

comb generation. However, the narrower waveguide usually has higher propagation loss due 

to the sidewall scattering, which increases the power required for comb generation. In 

practice, a trade off needs to be made for that. In this work, we choose waveguide width to 

be around 800 nm width, whose zero-GVD wavelength is around 1450 nm. 
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Figure. 4.13: (a) SEM image of the resonator; (b) Spectrum of the resonace for the resonator by using 

old fabrication process; (b) Frequency comb generation under 4 mW pump power inside bus 

waveguide. 

 

We fabricated several runs of devices for comb generation. For the first set of chips 

whose fabrication procedure is exact the same with what we applied for SHG device, the Q is 

around 2.6 × 105 for a resonator with 15 µm radius, as shown in Fig. 4.13 (b). And the 

threshold power for comb generation is around 2 mW power inside bus waveguide, which is 

comparable with other efficient nonlinear platforms [4], [32].  
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Figure. 4.14: Frequency comb generation by the resonator with optimized fabrication process. Green 

and red plots correspond to pump power of 1 mW and 220 µW inside bus waveguide. The inset is the 

resonance transmission spectrum. 

 

To further enhance the efficiency of the comb generation, the quality factor of the 

resonator needs to be further improved. We optimized the fabrication procedure and then 

made new devices, which show much higher quality factor compared to previous resonators. 

The inset of Fig. 4.14 shows the transmission spectrum of one new resonator with 30 µm 

radius and same cross section as before. The Q is up to 1 million, which correspond to an 

extremely low propagation loss of 0.55 dB/cm. For such kind of high Q resonators, the 

measured threshold for comb generation is down to 220 µW pump power inside bus 

waveguide, under which the spectrum is shown in Fig. 4.14. Under only 1 mW pump power, 

the comb generation can already cover more than 200 nm spectrum range. 

Such resonator is one of the most efficient Kerr comb generators demonstrated so far. 

And according to calculation, the threshold power can be further lowered to sub-100 µW 

level under current Q. The reason of this discrepancy may be due to the design of 

waveguide’s geometry. Moreover, the next step is to demonstrate the soliton formation, 

which is expected to happen under sub-milliwatt level considering the low threshold power 

we obtained.  

4.6. High Q resonators 

The (Al)GaAsOI waveguides in this platform are delivering unpreceded low propagation 

loss for fully etched III-V nanowires. Furthermore, there will be great advantages if 

waveguides with even lower loss can be obtained, for many other applications on this 
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platform, which may not be strictly limited by the phase match or dispersion requirements. 

For example, a narrow linewidth semiconductor laser requires a long photon life-time of the 

cavity, which is enabled by low loss waveguide. Other applications, such as optical buffer 

technology [33] or optical gyroscopes [34], also demand very low propagation loss. Overall, 

such waveguides provide efficient links connecting all the individual photonic components 

together to form the whole networks in PICs. 

 

Figure. 4.15: (a) Schematic drawing of waveguide cross section; (b) Simulated effective index contour 

for GaAs waveguides; (c) Simulated bending loss for GaAs waveguide in this work. 

 

Here we show one type of (Al)GaAsOI waveguide which can lead to a much lower 

propagation loss compared to those of fully etched ones. A schematic drawing of 

waveguide’s cross section is shown in Fig. 4.15 (a). The waveguide core is (Al)GaAs, fully 

cladded with SiO2. A shallow rib waveguide structure was chosen to reduce the interaction 

between optical mode and the etched sidewall, reducing scattering loss and therefore the 

overall loss of the waveguide. The thickness of the (Al)GaAs layer is 700 nm, which enables 

a high optical confinement of the waveguide mode in the vertical direction.  
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For such waveguide, the width w and etching depth h are two parameters that can be 

tailored according to specific applications. Fig. 4.15(b) presents a map of the effective index 

of the GaAs waveguides as a function of the width and the etch depth. It can be seen that an 

effective index above 3 can be achieved over a wide range, which is attractive as it enables 

the integration of vertically injected III-V lasers and tapers for efficient light transfer [35]. 

The region to the left of the dashed line represents the waveguide cross sections that support 

only the fundamental mode in TE polarization. A map for AlxGa1-xAs waveguide will be 

slightly different, depending on the concentration of Al in the alloy. 

Another important factor needs to be taken into account when designing the waveguide 

geometry is the bending loss. Generally speaking, a shallower etched waveguide rib leads to a 

lower scattering loss. However, it also weakens the guiding of mode along horizontal 

direction, and thus increases the bending loss. In this work, we use an etching depth of 220 

nm for our waveguides. This is about 30% of the total (Al)GaAs layer thickness, which is 

higher than the previously demonstrated ultra-low-loss SOI waveguide [35]. However, the 

larger etch depth enables a smaller bending radius and thus more compact devices. Figure 

4.15(c) presents the bending loss as a function of the bending radius for the TE0 and TE1 

waveguide mode. For a ring resonator with a radius of 250 µm, the bending loss limits the 

achievable intrinsic quality (Q) factor to around 5 × 107. Such a small radius will be beneficial 

for the compactness of PICs and reduce the complexity in the design of devices.  
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Figure. 4.16: Characteristic images of the device: (a) Microscopic top view of the resonator; (b) SEM 

image of the cross section of the Al0.2Ga0.8As waveguide. 

 

The fabrication for those waveguides is the same with the procedures for the SHG 

devices except the partial etch used instead of full etch. The microscopic image of the ring 

and the SEM image of the cross section of the waveguide is shown in Fig. 4.16 (a) and (b), 

respectively. 

 

Figure. 4.17: Experimental results: (a) Resonance of GaAs on insulator resonator; (b) Zoomed in 

transmission spectrum the resonators in (a). 
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The spectral response of ring resonators been characterized to extract the propagation 

loss of the waveguides at C band. Fig. 4.17(a) shows the transmission spectrum of a GaAs 

ring resonator with a waveguide width of 2 μm and a radius of 500 μm. Fig. 4.17(b) shows 

the zoomed in spectral response of the resonance at a wavelength close to 1550.8 nm. The 

loaded and intrinsic quality factors of the resonator are 9.5 × 105 and 1.25 × 106, respectively, 

which correspond to a propagation loss around 0.5 dB/cm, much lower than the loss of fully 

etched waveguide using same fabrications. We haven’t applied our new developed low loss 

process on those resonators, so that much higher Q can be expected in the future. 

 

Figure. 4.18: (a) Experimental results of the resonance of Al0.2Ga0.8As on insulator resonator; (b) 

Calculated waveguide loss for SOI waveguide (blue line) and AlGaAs on insulator waveguide (orange 

line) as a function of power intensity taking TPA at 1550 nm into account. 

 

Fig. 4.18(a) shows the transmission spectrum of an Al0.2Ga0.8As ring resonator, which has 

the same geometry as the GaAs resonator discussed above. The extracted intrinsic quality 

factor of this resonator is 1.5 × 106. The similar quality factors of the GaAs and Al0.2Ga0.8As 

resonators indicate that a higher Al concentration does not degrade the material quality in 
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terms of optical waveguide loss. And the propagation loss is estimated to be around 0.4 

dB/cm, one order of magnitude lower than traditional integrated III-V on silicon waveguides.  

Compared to the ultra-low loss SOI waveguide results in Ref. [35], in which 0.18 dB/cm 

propagation loss is obtained for the waveguide which is 500 nm thick with a 56 nm high, 1.8 

μm wide rib, our propagation loss is two times higher. We believe that by reducing the 

etching ratio or increasing the rib width, the propagation loss can be further reduced to be 

similar or even lower than that of SOI waveguide. 

To investigate the waveguide loss caused by TPA, we compare the Al0.2Ga0.8As 

waveguide in this work with SOI waveguide, under different power intensity levels as shown 

in Fig. 4.18(b). It can be found that the demonstrated propagation loss of AlGaAs 

waveguides so far is higher when the waveguide is guiding a low amount of power, however 

for power intensity higher than 400 mW/µm2, the waveguide loss in SOI waveguides exceeds 

that of the AlGaAs waveguide. For the resonator discussed in this work, at critical coupling, 

about 10 mW input power in bus waveguide can lead to such a level of power intensity inside 

the cavity, indicating that our waveguide will have a better performance even at the power 

level of current integrated laser. 

According to previous work of GaAs microdisk [36] which have a quality factor up to 6 

× 106, currently the loss of our waveguides are still limited by the process instead of material 

loss. To further improve the quality factor of the resonators, several steps of the fabrication 

can be further optimized. Better lithography and etch can reduce the roughness of sidewalls 

for lower scattering loss. And an efficient surface passivation can further suppress the photon 

absorption caused by defects state within the bandgap of the materials. 

The high Q cavity and the low loss waveguide can be of significance in various 

applications. In traditional PICs, it can be used to construct ultra-narrow linewidth laser, 
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similar to what has been demonstrated in SOI platform [37], but with a simplified integration 

procedure because the low loss waveguide and gain medium can be integrated at the same 

time. In nonlinear photonics, a high Q AlGaAs waveguide cavity can significantly improve the 

efficiency of numerous nonlinear devices. Furthermore, this platform can enable the direct 

integration of active components such as laser on highly efficient nonlinear devices, paving 

the way for nonlinear PICs in the future. Many revolutionary demonstrations based on 

nonlinear optics, e.g. optical frequency synthesizer, optical atomic clocks, frequency comb 

spectroscopy, can be transferred into fully integrated PICs on single chip. In the field of 

quantum optics, the combination of high Q and high nonlinear waveguide provide the 

possibility to demonstrate the nonlinear process at single photon level. Given the fact that 

InAs quantum dots on GaAs is a very mature and widely used approach to generate single 

photons, and efficient second and third order nonlinear devices are good entangled photon 

generators, such a platform potentially can offer all the functionalities of a fully integrated 

quantum photonic circuits with great performance in the future. 

4.7. Summary and outlook 

In summary, we showed that the (Al)GaAsOI platform enables the state of the art 

efficient nonlinear process in both second and third order nonlinear effects. Such efficiency 

leads to significant frequency conversions under sub-milliwatt pump power, which is well 

below the power level provided by integrated semiconductor lasers. Furthermore, because the 

intrinsic compatibility of this platform with active devices, it paves a way to achieve fully 

integrated nonlinear PICs in the future.  

Another significant meaning of this work is the demonstration of low loss III-V 

waveguides. Previously it was usually believed that III-V waveguides have much higher 
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propagation loss compared to SOI and dielectric waveguides, thus the performance of many 

devices is limited in pure III-V platforms. Our results prove that it is possible to reduce the 

previous high loss down to the level of the state of the art SOI waveguide level, at the same 

time eliminating TPA for high power operation and the simplification for laser integration. 

Those will lead to revolutionary changes to III-V photonic platforms in both research and 

industry. 
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Chapter 5 

CMOS compatible nonlinear platforms 

5.1. Background 

The nonlinear platforms we discussed in last two chapters are delivering excellent 

performance for nonlinear applications. Besides the individual device level demonstrations, 

the (Al)GaAsOI platform also projects the future solutions for fully integrated nonlinear 

PICs. The current problem is that on that platform, besides the nonlinear components, many 

other photonic devices need to be developed, which requires time and efforts. 

Another interesting approach to address the integrated nonlinear photonics system 

problem is adding nonlinear functionalities into CMOS compatible chips, where devices with 

different functionalities have been well developed. Heterogeneous integration offers the 

flexibility to integrate nonlinear materials onto those chips to realize the nonlinear PICs, 

bridging the current nonlinear research with the photonic foundry-based technology.  

In a photonic CMOS platform, the materials used for building waveguide are usually Si 

and SiN [1]. For Si, even though it has large χ(3) nonlinearity, the large TPA at telecom band 

makes it not desired for nonlinear applications [2]. SiN has lower material loss and larger 

transparent window, with no TPA at telecom band, which makes it attractive for χ(3) process 

[3]. However, the essential problem for both Si and SiN is that they don’t have χ(2) effect. As 
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a results, the main focus of heterogeneous nonlinear photonics on CMOS platforms is to 

introduce large χ(2) effect and take advantage of SiN for χ(3) applications [4]. 

In this chapter, we will discuss the high quality SiN platforms for comb and 

supercontinuum generation. Based on this, integration of LN and (Al)GaAs onto SiN chips 

forms two state of the art CMOS compatible platforms for multi efficient nonlinear processes. 

5.2. Silicon nitride nonlinear platform 

5.2.1 Introduction 

Si3N4 waveguides are popular for nonlinear photonics, like Kerr frequency comb and 

soliton generation [5]. Recently, a novel photonic Damascene process has been developed for 

fabricating high-confinement Si3N4 waveguides with high yield, mitigating common 

fabrication challenges [6]. The efficient stress control of this method can provide thick Si3N4 

waveguides free of cracks, an essential prerequisite to achieve anomalous dispersion for 

comb and supercontinuum generations. Moreover, in this work we developed a top surface 

planarization method, which allows the integration of other nonlinear materials on the Si3N4 

chips. In this session, we will focus on the χ(3) process of Si3N4 waveguides alone. And in the 

next two sessions, hybrid LNOI-SiN and (Al)GaAsOI-SiN platforms will be discussed. 
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5.2.2 Frequency comb generation 

 

Figure. 5.1: (a) Top-view schematic and (b) SEM picture of the ring microresonator with the bus 

waveguide. The features visible in the central and the top left parts of (b) are remains of the stress 

relax checkerboard pattern. (c) Transmission spectrum measured at low EDFA power (−13 dBm) for 

a TE input polarization, and (d) fitting (in red) of the resonance near 192.8 THz (corresponding to a 

wavelength of ∼1555 nm). (e) Fitting (in red) of a resonance measured for a TM input polarization. 

 

The devices for frequency comb generation are fabricated by low-pressure chemical vapor 

deposition (LPCVD) on a Si substrate. The photonic Damascene process [3] is used to 

deposit an 850-nm thick near stoichiometric Si3N4 layer on a prestructured substrate that 

includes a dense stress release pattern next to the actual waveguide pattern. Crack formation 

that causes high scattering losses in the waveguide is effectively prevented as the dense 

substrate topography suppresses stress buildup in the thin film. The Si3N4 waveguide is 

cladded to the bottom and to the top by a 3-µm thick SiO2 layer. A top view schematic and 
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an SEM picture of the investigated device are shown in Fig. 5.1(a) and Fig. 5.1(b), 

respectively. The microresonator waveguide width H is set to 1.6 µm, while the ring radius R 

is 22.85 µm, corresponding to a free spectral range (FSR) of ∼1 THz. The bus waveguide 

width is 0.1µm. Different coupling strength can be achieved by varying the gap G between 

the bus and the ring waveguides. Critical coupling is experimentally achieved for G = 750 nm. 

A typical transmission spectrum is shown in Fig. 5.1(c) and Fig. 5.1(d). The measured 3-dB 

frequency bandwidth of the resonance around the critical coupling point is MHz, yielding a 

loaded Q factor of ∼ 1.4 · 106. A resonance measured for TM fundamental mode is shown in 

Fig. 5.1(e), with 52.59 10Q   . 

 

Figure. 5.2: Simulated spectra of the second-order dispersion D2/(2π) for the fundamental TE (in red) 

and TM (in black) modes. The vertical dashed line indicates the 1.55-µm wavelength. 

 

In order to realize broadband (octave-spanning) frequency comb generation, dispersion 

engineering of the waveguide’s group velocity dispersion (GVD) is necessary [7]. By 

tailoring the width and the height of the waveguide, the normal material dispersion of Si3N4 at 
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1.55-µm telecom wavelength can be compensated by an anomalous waveguide dispersion. 

Fig. 5.2 shows the simulated dispersion profile featuring anomalous dispersion (D2>0) around 

the pump frequency of 193 THz (corresponding to 1550 nm wavelength).  

 

Figure. 5.3: (a) Simulated spectra of the effective index for the fundamental TE and TM 

modes of the ring microresonator (in red) at the pump frequency fp, and for higher-order 

modes (18th to 22nd orders, in green) at the third-harmonic frequency. (b) Cross section of 

the intensity distributions in the ring resonator simulated for the relevant higher-order modes 

at 576.5 THz (or 520 nm). 

 

The dispersion is optimized to yield broadband combs around 1550 nm wavelength. In 

the meanwhile, we also designed this resonator waveguide to simultaneously phase-match the 

IR comb and its modes at frequency tripled spectrum to form combs at green light. Efficient 

THG can be achieved if the wavenumber 2 /k nf c  of the fundamental waveguide mode at 

the IR frequency 
Pf  is 3 times smaller than the wavenumber of a higher-order mode at the 

green frequency 3
Pf . The effective indices n and the intensity distributions for the 

fundamental TE and TM modes at the pump frequency, and for higher-order modes at the 

TH frequency are simulated with FIMMWAVE. The phase-matching conditions are shown in 
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Fig. 5.3 (a). It can be seen that at some frequencies, the effective index of several higher-

order TH modes matches the effective index of the fundamental TE or TM mode. 

Specifically, there are three matching conditions between the 18th, 19th, 20th third harmonic 

(TH) mode and the fundamental TE mode (for Pf   177.4 THz, 186.2 THz and 198.5 THz), 

as well as three other matching conditions between the 20th, 21st, and 22nd, TH modes and 

fundamental TM mode (for Pf   180.1 THz, 196.6 THz and 199.2 THz). Each matching 

condition contributes to broadening the spectral range in the frequency-converted comb lines 

at green. 

In experiment, a tunable single-frequency CW laser source (Agilent81642A, with a 

typical linewidth of ∼100 kHz and a tuning range of 1510-1640 nm) is used as the seed laser 

to pump the ring microresonator. An erbium-doped fiber amplifier (EDFA, IPG EAR-2K-C) 

with a maximum output power of ~ 33 dBm (   2W) was used to boost the pump power. 

The light was coupled in and out of the device through tapered lensed fibers with an anti-

reflective coating. A polarization controller is positioned before the input lensed fiber to 

selectively couple into the fundamental TE or TM mode of the waveguide. The signal 

intensities in the IR and in the green spectral region are monitored respectively by a high-

speed 1550-nm power sensor and by a silicon-PIN photo-detector for visible light. Two 

optical spectrum analyzers (Yokogawa AQ6375 for 1200-2400 nm and AQ6373B for 350-

1200 nm) are used to measure their respective spectra. Using the thermal-locking technique 

[8], IR Kerr comb can be obtained when the pump frequency is tuned into the resonance, 

with an input power larger than the threshold for parametric oscillations. As the laser scans 

into the resonance, the buildup of power inside the ring microresonator can lead (via 

degenerate or non-degenerate FWM) to the generation of broadband Kerr frequency combs 
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[9]. For this excitation pathway, it is noted that the comb is in the high-noise regime [10]. 

While not attempted or observed in this work, low-noise comb states can be attained by 

techniques, such as δ -∆ matching or parametric seeding, or via the soliton regime. 

 

Figure. 5.4: Generation process of the IR Kerr comb (left column) and the simultaneously emitted 

GLC (right column), by gradually tuning the TE-polarized IR pump to the resonance near fp ∼= 191.9 

THz.  
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The threshold value of on-chip input power for THG generation (only one frequency line 

in green) is estimated to as low as ∼16 dBm, and the threshold for green light comb (GLC) 

generation (with several green lines) is ∼20 dBm. The observed formation process for the IR 

comb and the simultaneously converted GLC is detailed in Fig. 4. The data from Fig. 5.4(a) 

suggest that the first (central) emitted line of the GLC is formed by the THG process, where 

the interaction of three photons with frequency 
Pf  from the IR pump laser results in the 

creation of a photon with the tripled frequency 3
Pf . Tuning the pump frequency gradually 

into resonance, both the number and the intensity of the IR comb lines increase as the cavity 

circulating power strengthens. 

It can be seen from Fig. 5.4(b) and Fig. 5.4(c) that as the IR comb lines strengthen, more 

green comb lines are simultaneously generated. The FSR of green comb is the same with that 

of IR comb indicates that their lines are formed by both THG as well as third-order SFG 

processes. In this ideal case, the newly generated components will thus be equidistant in 

frequency domain with respect to the IR pump. In addition, the parametric processes can be 

efficiently enhanced only when these frequencies coincide with the modes of the ring 

microresonator [11]. The phase-matching condition would thus be automatically satisfied 

once it is ensured for both the FWM of the IR comb and the THG of the central line of the 

green light comb, and it would successively lead to a cascaded frequency-tripling process 

through the third-order SFG. 
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Figure. 5.5: (a) IR Kerr comb generated with a TE pump and (b) the corresponding GLC with 18 

spectral lines. In (b), the inset shows a photograph of the probed device. The pump frequency fp = 

191.7 THz and both IR and green combs have FSR ∼= 992.6 GHz. 

 

At the maximum output power of the EDFA (~ 33 dBm), broadband albeit high-noise IR 

combs can be established. By carefully positioning the input fiber and optimizing the 

polarization, the combs are observed with different features with the fundamental (quasi-)TE 

or (quasi-)TM mode pumping. For the TE situation, as shown in Fig. 5.5, the observed IR 

comb exhibits a uniform envelope and covers 2/3 of an octave (144-226 THz or 1327-2082 

nm). The corresponding green comb consists of 18 lines that spread from 530 THz to 590 
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THz (or 508-566 nm). Ideally the green comb lines would be continuous and uniform; 

however, some comb lines are missing in the spectrum shown in Fig. 5.5(b), which can be 

attributed to a resonance mismatch [12]. Besides, the simulations of Fig. 5.3 showed that 

phase-matching of a TH mode can be realized with different IR comb lines. As a result, 

several separated spectral clusters are observed in Fig. 5.5(b) with distinct strong peaks. The 

first and second strongest GLC lines are located at 571.1 THz and 577.0 THz, respectively. 

However, the pump frequency if 
Pf = 191.7 THz, corresponding to the THG frequency of 

3
Pf =575.1 THz. In THG, all the 3 input photons are provided from the same IR comb line. 

When computing the efficiency bandwidth, the frequency of these 3 photons thus varies 

simultaneously. In contrast, for third-order SFG, the frequency of one or two input photons 

is fixed at the pump of the IR comb, and the frequencies of photons from other comb lines 

vary. Therefore, the phase-matching condition for third-order SFG is less dependent on 

dispersion, which is similar to the effects reported in Ref. [12]. This implies that the phase-

matching requirement for the third-order SFG is less stringent than that for THG, which 

enables the conversion of a broader bandwidth of IR comb lines into the wider visible range. 

This effect is responsible for the broad bandwidth of the GLC and the nearly continuous 

comb lines observed experimentally. 

From the simulations of Fig. 5.3, the phase-matched window with the fundamental TM 

mode has a better overlap with the effective working bandwidth of the employed EDFA 

(191-196 THz, or 1530-1570 nm) compared with that of the TE mode. This can explain why 

much stronger GLC is achieved in the experiments with the fundamental TM mode pumping, 

as shown in Fig. 5.6. The generated IR comb extends over a narrower range (158-218 THz, 

or 1375-1897 nm) compared to the case of TE pumping. Yet, 30 lines are detected for the 
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GLC, with frequencies ranging from 517 THz to 597 THz (or 502-580 nm). In the central 

part of the THG frequency, 17 continuous comb lines are observed, as seen in Fig. 5.6(b). 

Both IR comb and GLC have FSR 977.2 GHz. 

 

Figure. 5.6: (a) IR Kerr comb generated with a TM pump and (b) the corresponding GLC with 30 

spectral lines. In (b), the inset shows a photograph of the probed device. 

 

With TE pumping, the output power of the GLC measured with the photo-detector is 

about −35.2 dBm (or 0.3 µW). Losses due to coupling and propagation of the green light are 

estimated to 10.7 dB. Therefore, the power of the GLC in the output bus waveguide is about 

−24.5 dBm (or 3.5 µW). With TM pumping, the GLC power measured with the photo-
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detector is about −19.6 dBm (or 11 µW), and its power in the output bus waveguide is 

estimated to −9.1 dBm (or 123 µW). The pump power in the input bus waveguide is 

estimated to 25 dBm (or 316 mW), thus yielding an on-chip conversion efficiency of −34 dB 

(or 4 · 10−4). The net efficiency is −53 dBm (or 6 · 10−6), thus more than 3 orders of 

magnitude larger than recently reported with AlN ring microresonators [13]. 

5.2.3 Supercontinuum generation  

Supercontinuum generation (SCG) is a χ(3) nonlinear process where laser pulses of 

relatively narrow bandwidth can be converted into a continuum with large spectral span [14]. 

SCG has numerous applications, including self-referencing frequency combs [15], microscopy 

[16], spectroscopy [17], and tomography [18]. SCG is traditionally accomplished using bulk 

crystals or nonlinear fiber, but recently, photonic waveguides (on-chip waveguides produced 

using nanofabrication techniques) have proven themselves as a versatile platform for SCG, 

offering small size, high nonlinearity, and increased control over the generated spectrum [19]. 

The spectral shape and efficiency of SCG are determined by the input pulse parameters, the 

nonlinearity of the material, and the refractive index of the waveguide, which determines the 

phase-matching conditions. 

On our Si3N4 platform, besides the commonly used SCG, we developed a new approach 

which applied QPM to enhance the intensity of the supercontinuum in specific spectral 

regions determined by the modulation period. 

It is well known that in the regime of anomalous GVD, the nonlinearity of the material 

can balance GVD and allow pulses to propagate while remaining temporally short. Such 

solitons can propagate indefinitely, unless perturbed [14]. However, in the presence of 

higher-order dispersion, some wavelengths of quasi-continuous-wave light may propagate at 
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the same phase velocity as the soliton. Light at these wavelengths can “leak out” of the 

soliton in the form of dispersive wave (DW) radiation, which is also referred to as “resonant 

radiation” [20] or “optical Cherenkov radiation”  [21] 

Periodic modulations of the waveguide change the effective area of the mode, modulating 

both the effective nonlinearity and the GVD, enabling QPM-DW generation. The 

contribution of a modulation (with period Λ) to the wave vector phase mismatch will be 

2 /QPMk q  , where q is the QPM order and can be any positive or negative integer. Thus, 

the phase-matching condition for dispersive wave generation can be modified with that 

additional wavevector. 

In addition to satisfying the QPM condition, three additional requirements must be met 

for efficient DW generation. (i) The QPM order q must be a strong Fourier component of the 

periodic modulation. (ii) There must be overlap between the spatial mode of the soliton and 

the mode of the DW. (iii) The DW must be located in a spectral region where the soliton has 

significant intensity, a requirement that applies regardless of the phase-matching method. 
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Figure. 5.7: (a) Quasi-phase-matching of supercontinuum generation in on-chip photonic waveguides 

can be achieved via waveguide-width modulation; (b) When the effective index of the soliton in the 

TE00 mode (“soliton index”) intersects the effective index of a waveguide mode (black curves), phase 

matching to dispersive waves is achieved (green squares) and a spectrum with several peaks (c) is 

generated. The periodic modulation of the waveguide can enable numerous QPM orders, both positive 

and negative, which can allow QPMDW generation to the fundamental mode and to higher-order 

modes (circles), producing a spectrum with many peaks (d). Note that the index curvature is 

exaggerated to better show phase matching. 

 

Here we explored a width modulated waveguide structure for QPM-DW. The width-

modulated Si3N4 waveguides [Fig. 5.7(a)] are fully SiO2 clad and have a thickness of 750 

nm, a maximum width of 1500 nm, and an overall length of 15 mm. Over a 6-mm central 

region, the width is modulated sinusoidally from 1250 to 1500 nm. Multiple waveguides are 
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fabricated on the same silicon chip, and each waveguide has a different width modulation 

period, which ranges from 5.5 to 6.5 μm. 

We generate supercontinuum by coupling ∼80 fs pulses of 1560-nm light from a compact 

100 MHz Er-fiber frequency comb. The power is adjusted using a computer-controlled 

rotation mount containing a half-wave plate, which is placed before a polarizer. The 

polarization is set to horizontal (i.e., parallel to the Si-wafer surface and along the width 

dimension of the rectangular Si3N4 waveguide), which excites the lowest order quasi-

transverse-electric (TE00) mode of the waveguide. We record the spectrum at many 

increments of the input power using an automated system that interfaces with both the 

rotation mount and the optical spectrum analyzers. The waveguide modes (and their effective 

indices) are calculated using a vector finite difference mode solver, using published refractive 

indices for Si3N4 and SiO2. For the width-modulated waveguides, a narrow peak appears in 

the spectrum in the 630-nm region [Fig. 5.8(a)], and the location of this peak changes with 

the width modulation period [Fig. 5.8(c)]. By calculating the refractive index of the higher 

order modes of the waveguide, and including the QPM effect from the periodic width 

modulation [Fig. 5.8(b)], we find the QPM-DW generation to the TE20 mode is a likely 

mechanism for the appearance of this peak [Fig. 5.8(c)]. The preference for QPM-DW 

generation to the TE20 mode is a result of the modal overlap between the TE20 mode at the 

DW wavelength (∼630 nm) and the TE00 mode at the soliton wavelength (1560 nm). In 

general, modes that are symmetric in both the vertical and horizontal directions (such as the 

TE20 mode) will have much higher overlap with the fundamental mode than antisymmetric 

modes, and are, consequently, the most commonly used for model phase-matching schemes. 
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Figure. 5.8: (a) The spectrum of supercontinuum generation from a width-modulated waveguide as a 

function of input power. The arrow indicates the QPM DW to the TE20 mode. (b) The effective 

refractive index of various modes of the waveguide as a function of wavelength. When the index of the 

soliton including a first order grating effect from the 6.2-μm width-modulation (red line) crosses the 

TE20 mode, a QPM DW is generated. (c) The calculated spectral location of the TE20 QPM DW as a 

function of the width-modulation period is in agreement with experimental results. The slight 

difference in slope may arise from irregularities in the dimensions of the waveguides. 

 

This is the first demonstration of QPM to produce DWs in on-chip waveguides. 

Previously designers of waveguide-SCG sources work in a limited parameter space: selecting 
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materials and selecting the dimensions of the waveguide cross section. QPM opens a new 

dimension in the design space for photonic waveguides, one that is largely orthogonal to the 

other design dimensions. This orthogonality exists both in real space, since the QPM 

modulations exist in the light-propagation direction, but also in the waveguide-design space, 

as it provides a simple vertical shift of the phase-matching conditions with no bending of the 

index curve [Fig. 5.7(b)]. Consequently, it allows the spectral location of DWs to be modified 

with minimal effect on the GVD at the pump wavelength, which enables the soliton 

propagation conditions to be controlled separately from the DW phase-matching conditions. 

For example, using QPM, DWs could be produced even for purely anomalous GVD, greatly 

relaxing the requirements for material dispersion and waveguide cross section. Importantly, 

since the GVD at the pump is known to affect the noise properties of the SCG process, the 

ability to manipulate the locations of the DWs separately from the GVD could enable SCG 

sources that are simultaneously broadband and low noise. In addition, since similar phase-

matching conditions apply to SCG with picosecond pulses or continuous-wave lasers, QPM 

of the SCG process is likely not restricted to the regime of femtosecond pulses. 

5.3 Si3N4-LiNbO3 platform 

In Chapter 3 we discussed the nonlinear platform based on the SiN- LiNbO3 hybrid 

structures. An alternative approach for LN-SiN low-loss waveguides is to bond LN film onto 

SiN [22]. The Damascene process provides high quality stoichiometric Si3N4 layer, which can 

also be thicker for improved index matching for low-loss mode transitions between the Si3N4 

and LN-Si3N4 waveguides. Such platform provides strong χ(2)  and χ(3) coefficients (γ ~ 1.4W-

1km-1 for this work), high confinement factors, low propagation and coupling losses for 

waveguides.  
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Figure. 5.9: Schematic structure of tapered mode converter connecting the two types of waveguides. 

The top and bottom areas show schematics of the waveguide cross-sections and simulated profiles of 

the fundamental TE modes at 1540 nm. Inset is the simulated confinement factor in the LN layer for 

LN-Si3N4 hybrid waveguides calculated as a function of the Si3N4 rib width.  

 

The heterogeneous platform presented here consists of two types of waveguides, both 

illustrated in Fig. 5.9. The fully cladded Si3N4 waveguide for χ(3) nonlinear interaction is 850 

nm high and ~2 m wide to achieve anomalous group velocity dispersion at C band. Another 

type is the LN- Si3N4 waveguide for χ(2) applications, consisting of a 300-nm thick LN layer 

separated from a Si3N4 core by a 150-nm thin SiO2 spacer. Such geometry matches the 

indices of these two layers.  

The schematic cross-section of the LN-Si3N4 waveguide is shown in Fig. 5.9. Because the 

Si3N4 waveguide and the LN layer have nearly the same index, confinement factors in these 

two cores are sensitive to Si3N4 ridge width, shown in the top right inset of Fig. 5.9. The 

ridge width is designed to be 0.8 µm, corresponding to a confinement factor of ~0.6 in LN 

core. 
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A mode converter is designed to enable low-loss mode transition between the two types 

of waveguides and a schematic is shown in the center of Fig. 5.9. The Si3N4 input waveguide 

is 2-µm wide with 3-µm SiO2 top cladding (A), and input light then passes through an abrupt 

change of the upper cladding to 150 nm (B). After entering the bonded area with a LN film 

on top, the width of the Si3N4 ridge decreases linearly from 2.0 µm (C) to 0.8 µm (E), 

adiabatically transitioning the majority of the mode upwards into the LN layer. The evolution 

of simulated mode distributions (performed with FIMMWAVE) for different waveguide 

geometries is shown in Fig. 5.9, at 1540 nm wavelength. According to simulations, the loss 

per LN facet (from A to E) is 0.9 dB, which is due to the abrupt index change between the 

Si3N4 and heterogeneous waveguides (B to C). Here a 150-nm thick SiO2 spacer is 

introduced to reduce this index change. Further increasing the spacer thickness to 300 nm is 

expected to reduce the loss to 0.4 dB per facet, but this will also increase the optical mode 

size. This trade-off can be adjusted depending on the application.   

 

Figure. 5.10: Fabrication procedure for the LN-Si3N4 platform. 
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The device fabrication process is schematized in Fig. 5.10. The photonic Damascene 

process [3] is used to fabricate the Si3N4 waveguide devices on a 100-mm substrate and 

provide local openings with planar surface for LN bonding. At first, an 850-nm thick layer of 

nearly stoichiometric Si3N4 is deposited by low-pressure chemical vapor deposition (LPCVD) 

on a pre-structured substrate. The substrate not only includes the waveguide pattern but also 

a dense stress-release pattern, to avoid the formation of cracks during the Si3N4 deposition 

that cause high scattering loss. Chemical-mechanical polishing is used to remove excess Si3N4 

after deposition, creating a planar top surface across the wafer. A 3-µm thick SiO2 layer is 

then deposited on Si3N4 as the top cladding. A scanning electron micrograph (SEM) of the 

cross-section of this Si3N4 waveguide is shown in Fig. 5.11(a). In order to reduce the surface 

roughness in preparation for bonding, the deposited SiO2 cladding layer is re-polished. Fig. 

5.11(b) shows the roughness measurement of the as-deposited low temperature SiO2 film as 

well as after the re-polishing step. The bonding area is then opened by dry etch, leaving a thin 

SiO2 layer as spacer. Additionally, vertical channels are patterned in these areas to release the 

gas during bonding. After that, a chip (purchased from NANOLN) consisting of a 300-nm 

thick x-cut LN film on a 2-µm thick buried SiO2 on a Si substrate is bonded onto the opened 

area after surface plasma activation. The bonded sample is then annealed to enhance the 

bonding strength.  The integrated chip is shown in Fig. 5.11(c). Finally, mechanical polishing, 

dry etch and BHF have been used to remove the Si substrate and buried oxide (BOX) layer, 

leaving only the LN film on chip in the open area, as shown in Fig. 5.11(d). 
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Figure. 5.11: (a) SEM cross-section of the Si3N4 waveguide. (b) Roughness testing results after SiO2 

deposition and repolishing. (c) Top-view of integrated LN- Si3N4 chip. (d) Bonded area after substrate 

and BOX layer removal. 

 

For characterizing the devices, a tunable single-frequency CW laser (Keysight 81642A) 

with spectral range of 1.51-1.64 µm and linewidth ~0.1 MHz is used as the light source. 

Collimated light passes through a polarizer (Thorlabs PCB-2.5-1550) aligned to efficiently 

excite the TE-polarized mode of the waveguide. A focusing lens (Thorlabs C230TM-C) is 

used for the input coupling and a lensed fiber couples the light out of the device.  An optical 

power sensor (Keysight 81634B) is used to monitor the transmitted power. 
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Figure. 5.12: Spectra of total insertion loss for the reference waveguide (blue) and heterogeneous 

waveguide (red). 

 

The testing structure used here is a 1-cm long heterogeneous waveguide, with two tapers 

connecting to the Si3N4 waveguides. TE polarized light is coupled in and out through the 

Si3N4 waveguides. Compared to the reference Si3N4 waveguide with the same length, the 

insertion loss (fiber to fiber) of the heterogeneous waveguide is ~2 dB larger around C band, 

shown in Fig. 5.12. There are small ripples for heterogeneous waveguide spectrum, which 

may be due to the taper reflections. 

Here, the insertion loss for the reference and the test structures are denoted αref and αtest, 

respectively, and their propagation loss by αSiN and αheter, respectively. The following 

equations define the total insertion loss: 

 

αref = αSiN + αc                                       (5.3.1) 
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αtest = αheter + 2αAB + 2αBC + αc,                               (5.3.2) 

 

Where αAB and αBC are the losses at the A-B and B-C boundaries in Fig. 5.9 and αc is the 

coupling loss in and out of the chip.  

The propagation loss for the heterogeneous waveguide is obtained by subtracting Eq. 

(5.3.2) from Eq. (5.3.1): 

 

αheter = αSiN – 2αAB – 2αBC – (αref – αtest).                        (5.3.3) 

 

The value of αref – αtest is obtained from the testing results of Fig. 5.12 and αSiN by the pre-

mentioned measurements of resonators (0.11 dB/cm*1 cm), assuming that αAB + αBC ≅ 0.9 

dB as supported by simulations. The calculated propagation loss for the heterogeneous 

waveguide is (0.2 ± 0.4) dB/cm. Because the coupling loss varies among waveguides, this 

method may have an extra uncertainty. Here the Fabry-Perot based method is also used and a 

loss of (0.3 ± 0.6) dB/cm is extracted, which is in good agreement. Such a low propagation 

loss is comparable with the loss of a bulk LN waveguide.  Considering that the waveguide 

area is more than one order of magnitude smaller than that of bulk waveguides, these 

waveguides can improve the efficiency for nonlinear applications by the same proportion 

without sacrificing additional propagation loss. 

5.4 Si3N4-GaAs platform 

Similar as the integration approach applied to LiNbO3 in last section, nonlinear (Al)GaAs 

waveguide can also be heterogeneously bonded onto the Si3N4 chip to form a CMOS 

compatible nonlinear platform. The advantage of it is that (Al)GaAs offers the high nonlinear 
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coefficients in both χ(2) and χ(3), which leads to more flexibility in high performance device 

demonstration and system design. Furthermore, such integration paves the ways for bridging 

active components based on III-V with high quality Si3N4 nonlinear devices in the future. 

 

Figure. 5.13: (a) illustrates the device design of the integration of a GaAs waveguides for frequency 

doubling onto SiN waveguides for the optical frequency comb generation and the transitioning 

between the layers. (b) and (c) present the results for the generated frequency comb of the SiN ring 

resonator and the GaAs frequency doubler on the same chip, respectively. 

 

The schematic drawing of one kind of structure is shown in Fig. 5.13(a). The chip is 

composed of three different layered structures. The bottom one is the thick Si3N4 waveguide, 

whose thickness is around 800 nm, used for frequency comb generation. The middle layer is 

400 nm thick Si3N4 interposer circuits, whose functionality is to provide efficient coupling to 
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the III-V waveguides, as well as other off-chip components. The top III-V layer we used in 

this work is 150 nm GaAs, same with the thickness previously we used for SHG 

demonstrations.  

The fabrication is similar to which is discussed in last section for Si3N4-LiNbO3 chips. 

One difference is that there are two layers of Si3N4 processes instead of one. In the meantime, 

after substrate removal, the nonlinear layer of GaAs is etched to form the waveguides.  

Linear tapers are used to bridge waveguides in different layers, whose coupling losses are 

below 1 dB per taper, which enable the efficient mode transitions. The measurements of 

nonlinear devices on this platform are shown in Fig. 5.13(b) and (c). The comb generation 

and the frequency coupler were characterized separately to test the performance of the 

heterogeneously integrated device. Figure 4(b) shows the optical frequency comb generated 

by Si3N4 resonator, whose waveguide is 1.5 micron wide and 800 nm tall, when pump power 

inside bus waveguide is around 13 dBm at a wavelength of around 1.55 µm.  It can be seen 

that the frequency comb that was generated does not cover a full octave as it is required in 

order to achieve the desired device functionality with on-chip frequency doubling.  This can 

be explain by: (i) The thick SiN waveguides thickness of the sample may be off, which 

impacts the dispersion and results in the dispersive waves being too close to the pump 

wavelength and not at a wavelength of 1 µm and 2 µm, as desired.  (ii) The highest pump 

power at 1.55 µm wavelength that could be used to excite the ring resonators was limited as 

we observed that pump powers above 13 dBm could destroy the GaAs waveguides.  We 

suspect that the two photon absorption (TPA) in the GaAs (especially at the narrow 

waveguide tapers) causes at these high intensities a significant heating of the GaAs, resulting 

in the waveguides getting damaged. In the future, the use of AlGaAs can relieve this problem. 
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On the same waveguide structure we also characterized the GaAs frequency doubler, 

whose waveguide width is 1.5 µm wide and height is 150 nm, similar as the devices we 

discussed in Chapter 4. By exciting it with a tunable 2 µm wavelength laser light and 

measuring the SHG as well as the pump power,  we extracted the conversion efficiency of the 

frequency doubler, which is presented in Fig 5.13(c). The conversion efficiency (~10000 % 

W-1cm-2) of this frequency doubler is slightly lower to the one that we characterized 

compared to the results in Chapter 4, which could be due to some slight non-uniformities of 

the GaAs waveguide cross-section [23].   

5.5 Summary and outlook 

The CMOS compatible nonlinear platforms, at this point, are still at early stages and very 

few attempts have been made in this field. However, due to the advantage of combining 

frontier nonlinear photonic research with large scale, low cost production in industry, it poses 

a very attractive solution for the realization of fully integrated nonlinear systems o-chip, such 

as optical frequency synthesizer, optical atomic clock and the dual comb spectroscopy on 

chip. 

However, even though this approach is very promising, there are still many challenges. 

One difficulty is that the fabrication of high quality Si3N4 requires extra procedures to release 

the high stress caused the thick film as well as to obtain low waveguide loss. One way to 

address that is to only use interposer Si3N4 which is relative thin, and integrating nonlinear 

materials which can satisfy the requirements for both χ(2) and χ(3) applications, like (Al)GaAs. 

Another problem is that, in order to interface the nonlinear waveguide with Si3N4 circuits, the 

two layers need to be set very closely, which requires a careful control in fabrication along 
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with the top cladding planarization. Moreover, the light source is still hard to integrate on 

Si3N4, which may require extra packaging efforts. 
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Chapter 6 

Nonlinear photonic systems 

6.1. Background 

The area of integrated individual nonlinear devices has seen explosive growth in last few 

years [1]–[3]. However, system level developments based on nonlinear photonic devices have 

been very sparse so far. In most cases, the on-chip nonlinear devices are interfaced with fibers 

[4], to replace traditional nonlinear components in optics systems. Even though the smaller 
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mode volume and flexibility of engineering the geometry offered by waveguides lead to better 

performance at device level, the fiber to chip coupling loss, reflection at the facet and the 

requirement for other bulky equipment takes away almost all the benefits offered by photonic 

integration.  

Some attempts have been made for the integration for nonlinear photonic system by using 

chip to chip coupling [5], [6]. This approach can, to a certain level, combine various of 

photonic components together to form nonlinear system based on photonics approach. 

Beyond that, the (Al)GaAsOI platform we demonstrated in this work provides an ultimate 

solution for the fully integrated nonlinear PICs in the future. 

In this chapter, we will take an important demonstration, optical frequency synthesizers 

[7], as an example, to show the way to realize the nonlinear system based on integrated 

photonics. Other applications and opportunities offered by nonlinear photonics as well as the 

future path to the fully integrated PICs, will also be discussed. 

6.2. Optical frequency synthesizer based on integrated photonics 

6.2.1 Introduction 

The electronics revolution that began in the mid-twentieth century was driven in part by 

advances related to the synthesis of radio and microwave-frequency signals for applications in 

radar, navigation and communications systems. This formed a foundation for more recent 

technologies of wide impact, such as the Global Positioning System and cellular 

communications. Direct-digital synthesis now operates at >10 GHz rates with watt-scale 

power. Despite the ubiquity of electronic synthesis, no comparable technology existed for 

electromagnetic signals in the optical domain until the introduction of the self-referenced 

optical-frequency comb [8]. An optical-frequency comb can provide the critical phase-
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coherent link between microwave and optical domains, with an output consisting of an array 

of optical modes having frequencies given exactly by ν n  = n frep  +fceo, where frep and fceo are 

microwave frequencies and n is an integer. Over the past two decades, optical-frequency 

synthesizers using mode-locked-laser frequency combs have been demonstrated [9]. The 

optical-synthesizer output, derived from a reference clock, is invaluable for coherent light 

detection and ranging, atomic and molecular spectroscopy and optical communications. 

Optical-frequency-comb technology has also matured so that a typical erbium-fiber comb 

system requires approximately 2 W of optical pump power [10]. 

A new opportunity for chip-integrated optical-frequency synthesis has emerged with 

development in heterogeneously integrated photonics [11] and photonic-chip microresonator 

frequency combs, or microcombs [12]. Microresonators pumped by a continuous-wave (CW) 

laser generate a parametric four-wave mixing comb in dielectric media. Relying on waveguide 

confinement and high nonlinearity of the integrated photonics, microresonators provide a 

route to comb generation with only milliwatts of input power and high pump-conversion 

efficiency. Precise waveguide group-velocity dispersion (GVD) control [13], combined with 

the realization of low-noise dissipative Kerr solitons (DKSs) [14], has led to octave-spanning 

optical spectra with dispersive waves to enhance the signal-to-noise ratio in microcomb 

carrier-envelope-offset frequency (fceo) detection. In parallel, through heterogeneous 

integration, it has become possible to seamlessly combine active and passive components, 

such as semiconductor lasers and amplifiers, electro-optic modulators, passive waveguides, 

photodiodes and complementary metal–oxide–semiconductor (CMOS) electronics on a 

silicon-chip platform [15], and specifically to implement phase-locking of integrated lasers to 

microcombs [16]. Our work makes use of Kerr-soliton frequency combs and silicon photonics 

to realize optical-frequency synthesis derived phase-coherently from an electronic clock. 
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6.2.2 Experiments 

 

Figure. 6.1: Accurate optical synthesis with an integrated laser and DKS dual-comb system. a, 

Conceptual integrated optical-frequency synthesizer with digital control and f–2 f stabilization, using 

the microcombs and tunable laser of this work. PD, photodetector. b, Our optical synthesizer is 

composed of an integrated tunable laser and chip-based Kerr-comb generators. Green boxes indicate 

the tabletop subsystems including the chips, and how they connect. The CW pumping laser for some 

experiments is a second integrated laser; see Methods. The tunable laser is synthesized by phase-

locking to the stabilized combs, using a look-up table (LUT) and FPGA. QPSK, quadrature phase 

shift key modulator. c, Optical spectra of the laser across 32 nm. d, e, Measurements of the 
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synthesizer output as it is stepped. The data indicate the deviation between the synthesizer output νout 

and its setpoint for mode-hopping across the 22-GHz SiO2 modes (d) and for application of precise 

frequency steps of 15.36Hz (e). f, Scanning electron microscope (SEM) image of the heterogeneous 

III–V/Si tunable laser with false colour electrodes (yellow) and waveguides (blue). g, Photograph of 

the SiO2-based wedge microresonator. h, SEM image of the Si3N4 THz resonator with false colour 

imposed on the waveguide regions. 

 

Mirroring the framework of most traditional optical and microwave synthesizers, our 

system is composed of a tunable laser oscillator that we phase-lock to a stabilized microcomb 

reference. Figure 6.1(a) presents the concept of a future integrated synthesizer, and 

Fig. 6.1(b) indicates the connections between the integrated tunable laser and the chip-based 

Kerr-comb components that are used in this work. We use the C-band tunability, narrow 

linewidth and rapid frequency control of a III–V/silicon ring-resonator [11] laser as the 

synthesizer output, and the phase-coherent microwave-to-optical connection of a fully 

stabilized DKS frequency comb. The DKS dual comb consists of an octave-bandwidth, 

silicon nitride comb with 1 THz mode spacing and a C-band-spanning, fused-silica comb with 

22 GHz mode spacing. By phase-stabilizing both comb spacings (frep,THz and frep,GHz) and the 

silicon nitride comb’s offset frequency, fceo,THz, we establish the precise factor of 19,403,904 

phase-coherent multiplication from 10 MHz to the optical domain. With this tunable-laser and 

frequency-comb system, we demonstrate synthesis across a 4-THz segment of the C-band by 

programming and dynamically stepping the output frequency; see Fig. 6.1(c)-(e). As the role 

of any synthesizer is to output a phase-coherent multiplied version of the input clock, we 

characterize the optical synthesizer primarily through its fluctuations with an out-of-loop 

frequency comb derived from the same clock. A fully integrated synthesizer, realized by 
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using, improving and connecting the chip components that we describe, would be a powerful 

tool for many applications. 

To demonstrate the optical-frequency synthesizer, we carry out a series of experiments 

characterizing its output frequency. Standard spectrometer or interferometer measurements 

readily verify system performance at the megahertz (or 10−8) level. By measuring the 

synthesizer with an auxiliary self-referenced erbium-fiber comb, we constrain the frequency 

error between the output and the synthesizer’s setpoint to <1.5 Hz. Beyond demonstration of 

the integrated-photonics architecture, the core result of our work is verification that the 

synthesizer offers sufficient phase control and synchronization in microwave-to-optical 

conversion (as do the auxiliary comb and our frequency-counting electronics) to reveal a 

stable phase correlation between the CW output and the radiofrequency (RF) clock. Hence, 

the statistical fluctuations that lead to the synthesizer’s instability, and our measurement of 

these, offer the complete description of the synthesizer’s frequency performance. 

The chip-based integrated components of the synthesizer—the tunable laser (Fig. 6.1(f)) 

and DKS frequency combs (Fig. 6.1(g) and (h))—and their key connections with non-

integrated components are emphasized in Fig. 6.1(b). An external cavity pump laser is used 

to generate both of the DKS combs, using independent control with single-sideband 

frequency shifters and erbium amplification for each comb. An octave-spanning single-pulse 

soliton is generated in a Si3N4 planar waveguide-coupled resonator. In addition to the 

anomalous GVD profile, waveguide-dispersion engineering creates dispersive-wave peaks in 

optical power that appear at 999 nm and 2,190 nm, owing to the zero-integrated GVD 

starting from the pump wavelength. With a radius of 23 µm, the threshold for octave-

spanning spectra is brought to below 50 mW of on-chip pump power, at the expense of 

a frep,THz of 1.014 THz that cannot be easily photodetected and reduced to a microwave 
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frequency with conventional electronics. Rather, we rely on a second frequency comb to 

bridge the gap between Si3N4 THz comb modes. 

 

Figure. 6.2: Optical spectra of the integrated devices. a, Schematic diagram of spectral combination 

with the integrated devices, and the frequency chain used to multiply the 10-MHz clock to the optical 

domain. b, Combined spectrum of the SiO2 22-GHz wedge microcomb and the heterogeneously 

integrated iii–v/Si tunable laser in the telecommunication C-band. c, Combined spectrum of the 

octave-spanning Si3N4 THz microcomb and the 22-GHz SiO2 wedge microcomb, as measured on two 

optical spectrum analysers. 

 

To do this, an SiO2 wedge-based whispering-gallery-mode resonator with a quality factor 

(Q) of 180 million is used to create a DKS frequency comb at frep,GHz ≈ 22 GHz (ref. [17]). As 

the threshold for soliton-comb generation scales inversely to both the repetition rate and Q2, 

use of a SiO2 device is important for low-power operation. The repetition frequency of 

22 GHz is photodetected and phase-locked to the RF clock. This first step in the microwave-
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to-optical frequency chain (Fig. 6.2(a)) from fclk = 10 MHz to 22 GHz partially stabilizes the 

SiO2 reference comb to guide tunable laser synthesis; see Fig. 6.2(b). The second step is 

detection of the 1.014 THz frequency spacing between Si3N4 comb teeth, which we 

accomplish using the 46th relative comb line from the SiO2 comb. Operationally, we 

measure frep,THz by detecting the optical heterodyne beat note between the two combs 1 THz 

away from the pump. We phase-lock this signal to a synthesized radiofrequency, f1 = α 

fclk (where α is the ratio of two integers), after removing the relative contributions from the 

single-sideband frequency shifters and feeding back to the frequency of the Si3N4 pump laser. 

Thus, we stabilize frep,THz and transfer the fclk stability to 1.014 THz. The frequency of each of 

the Si3N4 THz comb lines with negative offset frequency and mode number N = 192 is then 

given by: 
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Next, fceo,THz locking is achieved by using the octave-spanning relationship of the THz 

lines at 1,998 nm and dispersive wave peak at 999 nm (Fig. 6.2(c)). To aid f–2f self-

referencing (which enables determination of the absolute frequency of each comb line), an 

independent diode laser and thulium-doped fiber amplifier at 1,998 nm supply 9 mW to a 

PPLN waveguide device to achieve 34 dB signal-to-noise ratio (SNR) on fceo,THz. Similar 

monolithic second-harmonic generation and amplifier technologies have been demonstrated 

and could be integrated with our system.  After detecting two heterodyne beats with the THz 

comb, f999 and f1998, each beat note is digitally divided by 64 and 32, respectively, and 

frequency mixing yields an fceo,THz signal, fceo,THz/64 = f999/64 – f1998/32. Phase-locking this 

signal to a radiofrequency f2 = β fclk, through feedback to the Si3N4 pump power, completes 

the transfer of stability from fclk to all the THz comb lines spanning 130 THz to 300 THz. 
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Figure. 6.3: Stable optical synthesis with out-of-loop verification. a, Tunable laser locking, and 

frequency counting with the auxiliary comb. HNLF, highly nonlinear fibre. b, Measured overlapping 

Allan deviation (ADEV) and modified Allan deviation (MDEV) of the frequency synthesizer. In 

comparing 10-ms counter-gate time acquisitions, the 1/τ slope is consistent with a stable, phase-locked 

synthesizer, and the histograms of 500 s of data (inset for relative mode m=−28 only) show a 

Gaussian profile. Error bars indicating 95% confidence intervals are derived using flicker noise 

estimates. c, Table of nominal frequencies and uncertainty at 200 s as the synthesizer is stepped across 

the C-band. d, Overview of the accuracy and precision of the synthesizer frequency. The ADEV at 

100 s is used to estimate the uncertainty of each synthesizer output, and the weighted mean of the 

seven data points is reported with a 95% (t distribution) confidence interval. 

 

The dual-stabilized combs serve as the backbone to guide the heterogeneously 

integrated III–V/Si tunable laser for arbitrary optical-frequency synthesis across the 
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C-band. The tunable laser consists of InGaAsP multiple-quantum-well epitaxial 

material that is wafer-bonded onto a lithographically patterned silicon-on-insulator 

wafer. Bias heaters integrated on the laser’s Si-based resonant reflectors and phase 

section are used to shift the lasing wavelength for initial alignment to the comb lines. 

By using Si waveguides that have low loss relative to standard telecommunication-

grade InP waveguide technology, reduced linewidths of about 300 kHz are achieved. 

The combined optical spectrum of the SiO2 comb and integrated laser’s tuning range 

is shown in Fig. 6.2(b). Heterodyning with the DKS dual-comb signal at a relative 

mode m from the pump creates a signal, laser

beatf , for input to a field-programmable gate 

array (FPGA)-based phased-locked-loop (PLL, Fig. 6.3(a)) with a local oscillator 

of f3 = γ fclk, and digital division of 512. This final laser lock to the DKS dual comb 

produces a fully stabilized, tunable synthesizer output, 
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This expression shows that the output of our integrated-photonics synthesizer is uniquely 

and precisely defined relative to the input clock frequency in terms of user-chosen integers 

and ratios of integers (α, β, γ). 

Agile tuning across SiO2 comb lines (varying m) and hertz-level tuning resolution 

on the same comb line (varying γ) have already been presented in Fig. 6.2(b) and 

Fig. 6.1(c), demonstrating synthesizer operation. To explore our synthesizer’s phase 

coherence, we perform an out-of-loop optical-frequency characterization by 

heterodyning νout against an auxiliary erbium-fiber laser frequency comb that is fully 
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stabilized to the same fclk. Fig. 6.3 shows results from a study of the tunability and 

phase-locked operation of the synthesizer across all comb frequencies by locking to 

five adjacent SiO2 comb lines, and to the highest and lowest wavelengths of the laser 

tuning range. Overlapping Allan deviation (ADEV) analysis of the counted beat notes 

against the auxiliary comb show the instability improving as <10-12/τ for all recorded 

averaging times τ, and reaching an average instability of (4.2 ± 0.4) × 10-15 at 200 s 

(Fig. 6.3(b),(c)). More sophisticated triangular averaging analysis using the modified 

Allan deviation (MDEV) yields an order of magnitude better instability of 

(9.2 ± 1.4) × 10-14 at 1 s. Still, the 1/τ dependence of the ADEV data, which 

characterizes the fluctuations of the optical-frequency synthesizer, indicates the 

stable phase relationship between the RF clock and the synthesized optical 

frequencies. Moreover, the synthesizer performance is consistent with the hydrogen-

maser RF clock used in the experiments, indicating that our phase locks of the 

tunable laser, the Kerr combs and the auxiliary erbium-fiber comb contribute 

negligible noise. This is the most fundamental metric of an optical synthesizer. From 

the mean values of the measured beats with the auxiliary comb, we can further 

analyze potential deviations of the synthesizer output from equation (6.2.2). Data 

compiled from the seven experiments are shown in Fig. 6.3(d) with 100-s ADEV 

error bars plotted, and the weighted mean of all data sets with a 95% confidence 

interval is (1.2 ± 1.5) Hz. Thus, based on these initial data, we conclude that our 

integrated-photonics optical synthesizer accurately reproduces the input clock 
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reference within an uncertainty of 7.7 × 10-15, competitive with commercial optical 

synthesizers (5 × 10-13 instability at 1 s and accurate to 10-14 at 120 s). 

 

Figure. 6.4: Arbitrary control of the optical-frequency synthesizer. a, Stepwise control of the 

tunable-laser offset phase-lock to the DKS comb and frequency counting. b, Deviation between the 

synthesizer output νout and constant setpoint for 500 s at a 10-ms gate time. c, Bidirectional linear 

ramp of the synthesizer via step control of the laser offset PLL setpoint (100-ms gate). d, Arbitrary 

frequency control of the synthesizer across 40 frequency setpoints to write “NIST”. A 30-ms gate time 

is used to oversample each frequency setpoint by 5 (150-ms pause per point), and every fifth data 

point is displayed. 

 

To demonstrate the tunability of the optical-frequency synthesizer, we perform 

two different types of tuning while the laser is locked to the stabilized comb system 
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(Fig. 6.4). As a baseline, without changing the setpoint of the tunable laser phase-

lock, the raw data of the counted auxiliary comb beat note are shown in 

Fig. 6.4(b) after subtraction of the nominally expected frequency for 500 s. We then 

apply a bidirectional linear ramp over eight levels with a 2-s pause at each level to 

ensure successful locking (Fig. 6.4(c)). Finally, we programed a series of setpoint 

frequencies to the FPGA PLL box to write out the National Institute of Standards and 

Technology (NIST) logo (Fig. 6.4(d)). Excellent agreement is found between the 

expected offset frequencies and the counted beat-note frequencies for all cases, 

illustrating good dynamic control of the synthesizer. 

In summary, the experiments that we present, performed with an optical-

frequency synthesizer constructed from integrated photonics, demonstrate that this 

technology has achieved the high precision and accuracy that formerly has been 

confined to tabletop mode-locked laser frequency-comb devices. For further 

integration of the laser and Kerr combs used in our experiments, targeted 

improvements should be made to increase microresonator Q for lower-power 

operation, to improve the intensity of the Si3N4 comb dispersive waves for f–2 f 

stabilization, and to improve the efficiency of second-harmonic generation, guided by 

the applications that are envisaged for the device. 

6.2.3 Devices 

The heterogeneously integrated III–V/Si device includes a tunable laser and a 

semiconductor optical amplifier (SOA). At room temperature, the laser emits up to 

4 mW CW power, and the SOA provides an on-chip small-signal gain >10 dB. The 
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laser contains a gain section, a phase section and two microresonators designed for 

high quality factor. The gain section and the SOA consist of electrically pumped InP-

based quantum wells heterogeneously integrated on a Si waveguide. Thermal heating 

of the Si microresonators and passive phase section is performed with current 

injection to metal heaters above the waveguides. By intentionally mismatching the 

radii of the microresonators to make use of the Vernier effect, we can use a 

narrowband intracavity optical filter to select the desired longitudinal mode for lasing 

with high side-mode suppression ratio. Precise wavelength tuning and linewidth 

narrowing is performed by heating the phase section. Phase-locking of the laser to the 

microcomb is performed by electronically dividing the beat note by 512 and using 

FPGA-based digital PLL + PI2D feedback (that is, a proportional–integral–derivative 

controller with two-stage integration) to the gain section of the laser. Other works 

have also demonstrated high-bandwidth optical-PLL phase locks to frequency combs. 

In the current system, the tunable laser can lock to either the SiO2 or Si3N4comb lines, 

which we have shown for m = −138, or 3 THz red of the pump laser. The DC linear 

tuning coefficient of the tunable laser is approximately 200 MHz mA−1. 

A commercial external cavity diode laser is used as the shared pump for both 

microresonator comb generators in all the synthesizer experiments. The output of a 3-

dB splitter goes to separate LiNbO3single-sideband modulators and erbium-doped 

fibre amplifiers for each device. Frequency detuning from each microcomb resonance 

for soliton generation is controlled with an amplified voltage-controlled oscillator and 

arbitrary waveform generator that produces a voltage ramp. Although complex 
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soliton crystals can form in these devices, single solitons are generated through linear 

voltage ramps of 5 GHz in 100 ns and 100 MHz in 3 µs, for the Si3N4 and 

SiO2 microcombs, respectively. Once initiated, feedback to each voltage-controlled 

oscillator controls frep,GHz and frep,THz for the appropriate device. Intensity modulation on 

the Si3N4 microcomb to control fceo,THz is performed with a free-space acousto-optic 

modulator, although on-chip SOAs are expected to be viable as well. Lensed fibres 

with a 2.5-µm spot size are used to couple light on and off the Si3N4 chip with 7 dB of 

insertion loss per facet. During operation, the on-chip pump power for the 

Si3N4 microcomb is about 160 mW, or ten times the threshold for soliton generation. 

Tapered single-mode fibre is used to couple 80 mW to the SiO2microcomb for soliton 

generation at 12 times the soliton threshold. Recent results show that this platform 

can be integrated with Si3N4 bus waveguides. An offset Pound–Drever–Hall lock is 

required after ramping to keep the SiO2 pump frequency at 22 MHz red detuned from 

resonance. 

During operation of the optical-frequency synthesizer, the separate single-

sideband modulators for each microcomb device create a detectable offset in pump 

frequencies, about 5 GHz in our experiment. This is readily subtracted from or added 

to the necessary heterodyne beat notes in the system using an electronic frequency 

mixer, specifically after frep,THz detection between comb lines and after the III–V/Si 

laser heterodyne with the DKS comb. The calibrated gain sign of the tunable-laser 

feedback loop ensures that the tunable laser is on the appropriate side of the 

SiO2 comb modes when electronically subtracting or adding this offset, and 
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knowledge of the absolute difference in pump frequencies is not required for accurate 

optical-frequency synthesis. We observe non-zero synthesis error when the SNR of 

any heterodyne beat falls well below the optimal level of 30 dB, but measurements 

reported here were acquired with sufficient SNR. We also observe and minimize 

contributions from out-of-loop optical and electrical path lengths, alignment drift, and 

glitches during long acquisitions. The RF synthesis and phase-locking electronics 

used in the experiments are benchtop scale, but in the future would make use of 

CMOS integration. 

The auxiliary comb used for out-of-loop verification of the optical-frequency 

synthesizer consists of a 250-MHz erbium-fibre mode-locked laser frequency comb. 

The laser output is amplified and spectrally broadened to an octave to enable self-

referenced detection of the carrier envelope offset frequency, fceo. The fourth 

harmonic of frep is phase-locked to a reference synthesizer at 999.999 544 MHz, 

and fceo is electronically divided by 8 and phase-locked to another synthesizer at 

20 MHz. Both of these synthesizers are referenced to the same fclk that is the input to 

the integrated-photonics synthesizer, yielding a comb against which any frequency of 

the microcomb or tunable laser output can be compared. 

The beat-note frequency between the integrated-photonics synthesizer and the 

erbium-fibre frequency comb is amplified and bandpass-filtered (45 MHz 

bandwidth), after which a zero-dead-time frequency counter registers the frequency 

for a fixed gate time. The rectangular binning, or Π-mode, is used during 

measurement and for the ADEV analysis. The MDEV analysis applies a triangular 
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averaging window to the frequency data for further information on the noise type. 

With this analysis, a τ-2/3 slope shows the desired white phase noise performance, and 

deviation from this slope reveals unwanted flicker phase noise contributes to system 

performance at longer averaging times. Because the degrees of freedom depend on 

noise type, we take the conservative estimate of flicker phase noise to derive 95% 

confidence intervals. The tunable laser PLL also contains an in-loop frequency 

counter, which showed tight phase-locking of the laser to the microcomb at <10-13 /τ, 

limited by the resolution of the counter. All RF synthesizers in the experimental set-

up, auxiliary comb and frequency counter are tied to the same hydrogen maser signal, 

serving as fclk. 

6.2.4 Integration of the system 

Even though the system level demonstration discussed above, which is using fibers to 

interface different components, delivered state of the art performance of optical frequency 

synthesizing. The scale of it is still relative large, with a high power consumption. A more 

compact version, without relying on extra bulky equipment, will be essential to reduce the 

size and cost. Here by levering the heterogeneous nonlinear photonics technology as we 

discussed in Chapter 5, the chip combing the Si3N4 THz comb source, SHG waveguide and 

the interposer Si3N4 passive circuits for wavelength filtering and mixing have been 

demonstrated, which is shown in Fig. 6.5 (b). Then by packaging all the optical chips and 

electrical components together, a system with all the functionalities of an optical synthesizer 

can be integrated in a package which is smaller than 1 cm3, shown in Fig. 6.5 (c). This 

demonstration projects to reduce the footprint and power consumption by 1000X. 
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Figure. 6.5: Integration of an optical frequency synthesizer. (a) Schematic drawing of the system; 

(b) Interposer chip combing multi photonic components together; (c) A compact optical frequency 

synthesizer in a package.  

6.3 Other nonlinear photonic systems 

Besides the optical frequency synthesizer, integrated nonlinear photonics can also lead to 

many other system level demonstrations, which project to revolutionize almost every area of 

photonics. For example, in communication, one micro-resonator on chip for frequency comb 

generation can replace thousands of parallel lasers and thus improve the system energy 

efficiency [18]. Thus it can enable the massively parallel coherent communications. In optical 

metrology, two frequency combs with slightly different FSR can be used for dual-comb 

spectroscopy [4], doing measurements in both near and mid-infrared directly on chip, by 

converting the long wavelength signals to RF ones in photodetectors. Furthermore, similar as 

the approach we used for frequency synthesizers, a fully integrated atomic clock on chip can 



 

131 

 

also be enabled by locking the optical frequency to reference and synthesize a radio frequency 

[19].  

6.4 Summary and outlook 

Even though the future for nonlinear photonic systems is very promising, many difficulties 

need to be overcome beforehand. Packaging based on chip to chip and chip to fiber coupling 

provide a solution in certain circumstances to assemble all the components together, but it is 

limited by the cost and scalability. Especially for complex systems requiring multi-chips, the 

extra loss and instability introduced by facets will significantly reduce the system’s 

performance.  

Heterogeneous nonlinear photonics is the most promising way to address those problems. 

Specifically, as we discussed in Chapter 4, the most challenging part for nonlinear photonics 

integration, which is to bridge the active devices with nonlinear components, can be achieved 

in our (Al)GaAsOI platform. A future development of the integrated laser in this platform 

will be the next essential step. Finally, we expect the nonlinear PICs to be realized on a single 

chip, which will greatly reduce the scale, cost and power consumption of current nonlinear 

system, and open up many new opportunities in academia and industry. 
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Chapter 7 

Conclusions  

7.1. Review 

This dissertation outlines the successful demonstration of state of the art nonlinear 

photonic platforms by heterogeneous nonlinear photonics technology. Based on those 

platforms, multi nonlinear devices covering both second and third order nonlinear processes, 

have been developed with record high efficiencies.  

In heterogeneous lithium niobate on insulator platform, the hybrid SiN-LNOI waveguides 

enabled, for the first time, low propagation loss (<0.3 dB/cm) of thin film LN waveguide, 

which is similar or even lower compared to those of previous bulky LN waveguides. Such 

waveguide has sub-micron scale mode volume, which provides great potential for high 

efficient nonlinear and modulation applications. Moreover, we developed the first periodic 

poling method for thin film LN and constructed the first thin film PPLN waveguide, whose 

normalized SHG efficiency is up to 780 %W-1cm-2, more than one order of magnitude higher 

than those of previous PPLN devices. 

The heterogeneous (Aluminum) Gallium Arsenide on insulator platform, provides ultra-

high efficient and fully integration compatible solutions for future nonlinear PICs and 

quantum photonic circuits. The waveguides on this platform exhibit the record high SHG 
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normalized efficiency beyond 13,000%W-1, and the SHG resonators shows ultra-high internal 

conversion efficiency around 65,000%W-1. After optimization of our fabrication, fully etched 

AlGaAs nanowire resonator exhibits a high Q up to 1 million, which leads to a low threshold 

power for frequency comb generation about 220 µW.  

With the heterogeneous integration technology, LNOI and (Al)GaAsOI have also been 

successfully integrated onto high quality Si3N4 chip, which not only have high-Q resonator 

for frequency comb generation and waveguides for supercontinuum generation, but also 

leverage the mature CMOS compatible technology for building the whole PICs. The taper 

bridging Si3N4 waveguides and highly nonlinear materials show very efficient mode transition 

(< 1 dB/taper), which pose a promising approach to add nonlinear and active devices into the 

CMOS compatible nonlinear systems. 

In system level, based on nonlinear photonics devices, our team demonstrated a system to 

synthesize the absolute frequency of a lightwave signal. The laser frequency output of our 

synthesizer is programmed by a microwave clock across 4 THz near 1550 nm with 1 Hz 

resolution. The synthesizer is exceptionally stable with a synthesis error of 7.7 × 10−15 or 

below across the telecommunication C-band. Many applications of optical-frequency sources 

could benefit from the high-precision optical synthesis presented here. Leveraging high-

volume semiconductor processing built around advanced materials could allow such low-

cost, low-power and compact integrated-photonics devices to be widely used. 

7.2. Perspective  

The efficient nonlinear processes demonstrated on those heterogeneous platforms, will 

greatly relieve the power requirements for nonlinear system when directly pumped by on-chip 

lasers in the future. Even at sub-milliwatt region, a significant amount of power can be 
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converted from pump to other wavelengths. In the meanwhile, the great flexibility of the 

phase match and dispersion engineering, offered by the high index contrast and the small 

mode sizes, enables the generation of extremely wide spectrum range covering from visible to 

mid-IR on one platform.  

Particularly, the (Al)GaAsOI platform, paves the way to revolutionary fully integrated 

nonlinear PICs in the future, which will accommodate the state of the art nonlinear devices, 

along with lasers, amplifiers, modulators, photodetectors and other photonic components on 

the same chip. The nonlinear components will be used for a wide range of nonlinear optical 

processes, including frequency comb generations, SHG, OPO, as well as opto-mechanical 

applications. The nonlinear PICs will not only miniaturize optical systems from bench scale 

setups to single chip level for a wide range of applications, e.g. the quantum computation and 

communication, classic telecommunication, spectroscopy, metrology and others, but they will 

also lead to a leap in efficiencies and performances of nonlinear devices. Key to this approach 

is the use of heterogeneous and/or epitaxial integration of III-V semiconductors to combine 

the best elements of the nonlinear photonic system. Specifically the integrated quantum well 

(QW) or quantum dots (QD) on the nonlinear waveguide layer can be used for building 

strong pump lasers, single photon emitters, amplifiers, and photodetectors. As such, the fully 

integrated photonic chip combines fundamental research with intelligent selection of 

breakthrough technologies to provide revolutionary performance in a variety of nonlinear 

systems.  

Furthermore, the technology originated from our work will also benefit many other areas 

besides nonlinear photonics. In traditionally III-V based PICs, our low loss III-V waveguides 

with high index contrast can greatly improve the performance of many components, e.g. the 

narrow linewidth lasers and photonic buffer devices. The high Q resonators and strong 
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nonlinear properties will also enable studies of nonlinear optics in extreme regimes, which 

will be used for generation and processing of quantum information by extreme nonlinearities. 

 


