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ABSTRACT 

 

Stabilized sources in Visible for Atomic, Molecular and Quantum applications 

By 

Nitesh Chauhan 

Visible and near-IR low-phase-noise lasers, laser stabilization cavities, and beam 

manipulation optics are integral components of atomic, ion, and quantum systems. These 

systems require low-frequency noise at specific frequency offsets, dictated by the applications 

for trapping, preparation, and manipulation of the atomic and qubit states. Today, these low-

noise sources are provided by tabletop lasers locked to the bulk stabilization cavities. Bulk 

free-space optics are used to route, modulate, and manipulate the necessary beams to realize 

these systems. The miniaturization and development of portable atomic and quantum systems 

will benefit from integrated photonic systems for reducing the size, weight, and power budget 

consumption (SWaP), as well as improving the new low-frequency noise of direct-drive 

sources at the required transition wavelengths of atoms, ions, and molecules, and potentially 

improving the performance and sensitivity of these experiments. 

Progress towards low loss waveguides and precision lasers at visible wavelengths has 

been limited because of the high loss introduced by significant scattering in visible 

waveguides where the loss scales as 1
𝜆𝜆4� . This work demonstrates the lowest waveguide 

losses at visible and near-IR wavelengths achieved to date by using a dilute mode, weakly 

confined Si3N4 waveguide design fabricated using a CMOS foundry compatible process. This 

platform offers a wide transparency window of 405 nm – 2350 nm. The demonstrated losses 



 

xii 

 

are 2 dB/m at λ = 493 nm, 0.6 dB/m at λ = 674 nm – 698 nm and 0.36 dB at λ = 789 nm with 

the highest quality factors (Q) demonstrated to date in visible at 39 million at 493 nm, 90 

million at 674 nm and 100 million at 698 nm and 145 million at 780 nm. These losses are 

summarized in Figure 2.1 and compared with other published state-of-the-art waveguide 

losses. To achieve these losses using dilute modes, the absorption in both the silicon nitride 

core and the oxide cladding must be minimized, and nitride sidewall scattering must be 

reduced. 

The low loss and high-Q of the Si3N4 resonators in Si3N4 enable high precision lasers 

that utilize the high-Q resonator cavity as to realize a low-phase-noise active laser cavity for 

mid- to high-offset frequencies and either as an external passive cavity for the reduction of 

low-frequency phase noise and improved carrier stability or a passive nonlinear cavity for 

improving high-offset frequency noise. Various metrics are used to characterize the phase or 

frequency noise of lasers, including fundamental linewidth (FLW), integral linewidth (ILW), 

and Allan Deviation (ADEV), as discussed in detail in this dissertation. The FLW is due to 

quantum-driven phase fluctuations (memoryless white noise process) that play a role at high-

frequencies, define the ILW and shape the wings of the laser linewidth. The technical noise 

sources due to both fundamental and environmental fluctuations build up the time-averaged 

broadened shape, the ILW, and contribute to low-frequency noise, such as flicker noise and 

fractional frequency noise. Finally, at the longest time intervals, the carrier or line-shape 

exhibits a long-term drift. These are discussed in detail in Section 1.3. This dissertation 

focuses on the minimization of these frequency noise contributions and drift over wide ranges 

of offset frequencies, and various linewidth definitions are employed to summarize the 

frequency noise characteristics.  
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This work demonstrates integrated stimulated Brillouin scattering (SBS) lasers [1,2] 

operating in the visible and near-IR regions for the first time. These demonstrations are at key 

atomic optical transitions: 674 nm for the 88Sr+ clock and qubit optical transition, 698 nm for 

the 87Sr clock transition, and 778/780 nm for the 87Rb two-photon clock and Rydberg 

applications. These lasers have a 10/6 mW threshold for 674/698 nm and a 0.8 mW threshold 

at 780 nm wavelength and achieve a factor of 500x - 3500x reduction in fundamental linewidth 

with a 12 Hz fundamental linewidth at 674 nm, a 7.8 Hz fundamental linewidth at 698 nm, 

and an 18 Hz fundamental linewidth at 780 nm along with 2-10x reduction in integral 

linewidth.  

To further reduce the integral linewidth of the lasers, we designed and realized 

integrated stabilization cavity is demonstrated in the form of CMOS foundry-compatible coil 

resonator (coilR) that operate at visible wavelengths. These coil resonators were 3 m long 

length on the resonator to establish a low thermo-refractive noise (TRN) [3] floor. Pound-

Drever-Hall (PDH) locking [4,5] is a widely used technique to enable the laser to take on the 

frequency noise properties of an optical reference cavity and is discussed further in Section 

1.3 of this dissertation. By locking the SBS laser to these integrated coil cavities, the integral 

linewidth is further reduced in addition to the fundamental linewidth reduction by the SBS 

laser. Direct locking of lasers in general (SBS, semiconductor, or any other laser design) to 

these coilR-integrated stabilization cavities achieves a 2-4 orders of magnitude reduction in 

frequency noise for frequencies in the lock loop bandwidth and a ~ 20x reduction in integral 

linewidth at 674 nm. Moreover, these coilRs operate over a wide wavelength range of 670 – 

700 nm while maintaining a high Q value, which is required for low noise and strong 

frequency discrimination.  
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This dissertation also describes demonstration of these direct drive, stable low phase 

noise sources in actual atomic systems. The 674 nm coil resonators is used as a stabilization 

cavity for a 674 nm laser to address a collaborator’s 88Sr+ ion trap [6], enabling key 

measurements and functions, such as  ion  spectroscopy, drift measurement, state preparation, 

rabi oscillations, and Ramsey interferometry, with the use of a traditional tabletop optical 

reference cavity.   

Cold-atom systems use a cloud of atoms or a chain of ions that are cooled and trapped 

by laser beams along with a magnetic field. These will benefit from integrated photonics is 

beam delivery and beam shaping for various operations, such as the large-area cooling and 

trapping beams required for a neutral atom cooling and trapping in a 3D magneto optic trap 

(MOT). This work demonstrates the largest waveguide emitted beams from photonic 

waveguide platform, with beam size of 2.5 mm x 3.5 mm flat top beams which represent a 20 

million times increase in area over a waveguide mode. Three beams at 54.7 °from the chip 

normal placed 120 °from each other provided three orthogonally intersecting beams that 

provided the correct orientation to form an MOT at ~1 cm above the chip surface. The 780 

nm gratings were utilized to demonstrate the cooling of over a million 87Rb atoms in a 3D 

MOT. 
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Chapter 1: Introduction to integrated stable sources 

 

1.1  Introduction 

Visible and near infrared (IR) narrow linewidth lasers, stabilization cavities, beam 

manipulation optics, and passive visible components are integral parts of cold atom, ion, and 

quantum systems [10–14]. These systems require multiple wavelengths that are matched to 

transitions for specific atomic species for various operations, such as cooling, trapping, 

repumping, state preparation, readout, and qubit manipulation [15–17]. The wavelengths used 

in these operations have different frequency noise and linewidth requirements; for example, 

broad transitions only require kHz or MHz linewidths for spectroscopic locking to the 

transitions, while simultaneously requiring multiple components for beam splitting, 

polarization manipulation, modulation, isolation, and setting the beam size and profile. Other 

optical atomic transitions require low-frequency noise for functions such as state preparation, 

manipulation, and clock or qubit operations [13,15]. Highly coherent lasers are required for 

interrogation of atomic transitions to maintain the strong visibility of Rabi flopping [18] or 

Ramsey interferometry [19], and such measurements are often limited by the coherence of the 

interrogation lasers [19]. Today, these low noise lasers are provided by tabletop lasers locked 

to bulk stabilization cavities [20–22]. Moreover, bulk free space optics are used to manipulate 

and deliver the necessary beams to these atomic systems. The miniaturization, development 

of portable systems, and improved reliability and scalability will benefit from photonic 

integration for reducing the size, weight, and power budget (SWaP) and providing modularity, 

which will ease upgrading specific tasks without bringing down the entire system and enable 
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more complex, large-scale experiments. Dense photonic integration will also enable new 

physics by providing a narrow tailorable frequency noise at the required interrogation 

frequency in a compact system.  

 

Figure 1.1 Vision of fully integrated trapped ion system: Integrated atom or ion system showing 

some of the necessary components that will benefit from integration towards a local oscillator (LO) 

chip providing stabilized source and gratings for beam delivery to the atoms. The components 

developed for this integrated system in this study are highlighted in red. 

 

Progress towards stabilized integrated sources in the visible wavelengths has been 

slow, primarily owing to the requirement for very low-loss waveguides and high quality factor 

(Q) resonators which have been limited because of the high loss from scattering in visible 

waveguides, where the loss scales as 1 𝜆𝜆4� . In this work, the lowest waveguide losses achieved 

to date are demonstrated using a weakly confined Si3N4 waveguide design in a complementary 

metal oxide semiconductor (CMOS) foundry compatible fabrication process [11]. This 

platform offers a wide transparency window of 405 – 2350 nm [10]. High quality factor (Q) 
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resonators at visible using the weakly confined Si3N4 waveguide are also designed in visible 

for on chip stable laser sources. As such, losses of 2 dB/m at 𝜆𝜆 = 493 nm, 0.6 dB/m at 𝜆𝜆 = 

674 nm and 698 nm and 0.35 dB/m at 𝜆𝜆 = 780 nm, with the highest Q factors of 20 million at 

493 nm, 90 million at 674nm, 100 million at 698 nm and 145 million at 780 nm are reported. 

Figure 1.2 below shows a comparison of losses and Qs from this work with the state of the art 

losses and Qs from the literature at visible wavelengths. 

 

Figure 1.2 Literature Loss and Q comparison: (a) Comparison of losses of our Si3N4 waveguides 

with other state of the art waveguide losses in visible: AlN Liu [25], Al2O3 Cheryl [26], LiNbO3 

Desiatov [27], Si3N4 Cheryl  [26], Si3N4 Morin  [28]. (b) Comparison of intrinsic Q factors of our 

resonators in visible with literature: Al2O3 West [29], LiNbO3 Desiatov [27], AlN Liu [25], Si3N4 

Sinclair  [30], Si3N4 Stafan [31], Si3N4 Morin  [28]. 

 

The low loss and high Q of the Si3N4 resonators in Si3N4 enable high precision lasers 

that utilize the high Q resonator cavity to realize a low phase noise active laser cavity for mid- 

to high-offset frequencies and either as an external passive cavity for the reduction of low-

frequency phase noise and improved carrier stability or a passive nonlinear cavity for 

improving high-offset frequency noise. Various metrics are used to characterize the phase or 

frequency noise of lasers, including fundamental linewidth (FLW), integral linewidth (ILW), 

and Allan Deviation (ADEV), as discussed in detail in this dissertation. The FLW is due to 

quantum-driven phase fluctuations (memoryless white noise process) that play a role at high-
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frequencies, define the ILW and shape the wings of the laser spectra. The technical noise 

sources due to both fundamental and environmental fluctuations build up the time-averaged 

broadened shape, the ILW, and contribute to low-frequency noise, such as flicker noise and 

fractional frequency noise. Finally, at the longest time intervals, the carrier or line-shape 

exhibits a long-term drift. This is discussed in detail in Section 1.3 of this chapter. This 

dissertation focuses on the minimization of these frequency noise contributions over wide 

ranges of offset frequencies, and various linewidth definitions are employed to summarize the 

frequency noise characteristics.  

This work demonstrates stimulated Brillouin scattering (SBS) lasers at 674 nm for 

88Sr+ clock and qubit transition, at 698 nm for 87Sr clock transition and 778/780 nm for 87Rb 

two photon clock and Rydberg applications. These lasers have a 10 mW threshold at 674 nm, 

6 mW threshold at 698 nm and 0.8 mW threshold at 780 nm wavelength, and demonstrate a 

factor of 500-3500x reduction in FLW with 12 Hz FLW at 674 nm, 7.8 Hz FLW at 698 nm, 

and 18 Hz FLW at 780 nm along with a ~2-10x reduction in integral linewidth.  

To further reduce the ILW of the lasers, we designed and realized an integrated 

stabilization cavity in the form of a CMOS foundry-compatible coil resonator (coilR) that 

operates at visible wavelengths. These coil resonators were 3 m long and were designed to 

increase the total optical mode volume, thereby reducing the thermo-refractive noise 

(TRN) [3] floor, which is a fundamental thermal noise limit in stabilization cavities and scales 

inversely with the optical mode volume, as discussed in detail in Chapter 4. Pound-Drever-

Hall (PDH) locking [4,5] is a widely used technique to enable the laser to take on the 

frequency noise properties of an optical reference cavity and is discussed further in Section 

1.3 of this dissertation. By PDH locking the SBS laser to these integrated coil cavities, the 
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integral linewidth is further reduced, in addition to the fundamental linewidth reduction by the 

SBS laser. Direct locking of lasers in general (SBS, external cavity tunable laser, or any other 

laser design) to these coilR integrated stabilization cavities achieves a 2-4 orders of magnitude 

reduction in frequency noise for frequencies in the lock loop bandwidth and a ~ 20x reduction 

in integral linewidth at 674 nm. Moreover, these coilRs operate over a wide wavelength range 

of 670 – 700 nm while maintaining a high Q value, which is required for low noise and strong 

frequency discrimination. 

This dissertation also describes demonstration of these direct drive, stable low phase noise 

sources in actual atomic systems. The 674 nm coil resonator is used as a stabilization cavity 

for a 674 nm laser to address the optical clock, or qubit transition in an 88Sr+ ion trap [6] 

located in the Niffenegger Lab at University of Massachusetts at Amherst, enabling key 

measurements and functions such as ion  spectroscopy, drift measurement, state preparation, 

rabi oscillations, and Ramsey interferometry, without the use of a traditional tabletop optical 

reference cavity [16]. 

There are two main types of atomics systems: 1. Cold atoms, where neutral atoms are 

cooled and trapped using optical beams, tweezers, and magnetic fields; and 2. Trapped ions, 

where neutral atoms are ionized with a laser, are trapped with radio frequency (RF) traps and 

further cooled and interrogated with optical beams. Photonic integration will benefit beam 

delivery and beam shaping for both cold neutral atoms and trapped ions, including various 

operations such as large-area cooling and trapping beams required for neutral atom cooling 

and trapping of a large number of atoms in a 3D magneto-optic trap (3D-MOT) [32]. This 

work demonstrates the largest waveguide to collimated emitted beams from a photonic 

waveguide platform, with beam size of 2.5 mm x 3.5 mm which represent a 20 million times 
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increase in area over the waveguide mode. Three beams at 54.7° from the chip-normal, placed 

120° in-plane from each other, provided three orthogonally intersecting 3D-MOT cooling 

beams. The 780 nm gratings were utilized to demonstrate the cooling of over a million 87Rb 

atoms in a 3D MOT. 

 

 

1.2  Motivation for low loss waveguides 

1.2.1 Spectroscopy, frequency metrology, computing, sensing, and quantum 

applications 

 An atom, ion, or molecule that is cooled and trapped in its motional ground state is a 

near-perfect harmonic oscillator. Species that have high Q transitions, that is, long lifetime 

states, offer a long interrogation of the harmonic oscillator and can be used to transfer the 

stability of the transition to a local oscillator (LO) [15] and act as a frequency standard. For 

frequency metrology, the measurement resolution depends on the species used as a measure 

of time. As a simple analogy, a ruler used for measuring length will have a higher resolution, 

the higher the number of divisions or ticks on the ruler, with the inaccuracy equal to one tick. 

Similarly, for an atomic clock that operates by counting time intervals, its resolution will 

increase with an increase in the number of ticks, that is, a higher carrier frequency. An LO 

stabilized to such trapped and cooled species provides some of the most stable frequency 

references and forms the basis for atomic clocks [22,33,34]; however, it needs to be stable 

itself so as not to limit the performance by its own noise. 
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 Trapped and cooled species are extremely sensitive to external fields, such as electric, 

magnetic, and gravitational fields, and can be employed as some of the most sensitive sensors. 
These have been used for inertial sensing with atom interferometry [35], detection of 

gravitational redshift using clocks with a record fractional frequency uncertainty of 7.6 x        

10-21 [22], and relative geodesy to map the gravitational potential of earth [36,37]. A space-

based clock network can provide a test of fundamental constants, a test of the standard model 

of physics, and aid in the search for new physics  [38,39]. However, this would require the 

development of compact and robust optical clocks, where each component, including 

stabilized lasers and beam manipulation and delivery, is compact and has low power 

consumption. Moreover, their absolute frequency stability makes their use as frequency 

references possible through spectroscopy [40] and would benefit from compact references for 

wider deployment. 

Quantum computing requires highly coherent state preparation, logic gates, and 

measurements in a species in which a large ensemble of such states can be entangled and 

scaled for an increased number of qubits [16,41,42]. Ideally, these quantum computers have 

higher efficiency than their classical counterparts for certain tasks, but the loss of coherence 

from various noise sources, such as laser noise, causes them to lose their coherence and hence 

quantum nature. The five criteria outlined by DiVincenzo [43] are often used to determine the 

feasibility of a system for use as a quantum processor: 

1. A physical system should have well-defined two-level states that can be isolated for 

use as qubits. 

2. The system can be initialized into a well-defined and deterministic initial state. 

3. The decoherence time for qubits should be much longer than the gate time. 
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4. A set of universal quantum gates can be applied to each qubit or pair of qubits for a 

single qubit and two qubit gates, respectively. 

5. Qubits can be read with high accuracy. 

 Trapped ions and trapped neutral atoms are two of the leading platforms for 

implementing quantum gates [41,44–46], where motional sidebands can be used to entangle 

gates in ions and Rydberg circular states can be used to entangle gates in neutral atoms. Both 

implementations can either be implemented in Zeeman gates, which require stable lasers for 

implementing steps 2-5 from above, or optical gates using stabilized lasers as the LO, where 

a highly stable LO is desired to reduce the loss in fidelity from the LO. 

 

1.2.2 Manipulation and interrogation of neutral and trapped atoms and ions 

Systems using trapped and cooled ions, atoms, and molecules require several lasers 

with different wavelengths for various operations cooling (could be multiple stages) of species 

to a few μK, repumping (could be multiple stages) to ensure that the electrons are not trapped 

in unwanted states, state preparation (e.g., optical pumping), magic λ lattice trapping, 

tweezers, qubit manipulation, and fluorescence detection [15,16,41]. The availability of lasers 

for all the required transitions for the set of functions above for the desired application is one 

of the primary reasons for the selection of a species for the application. Another factor is the 

availability of a highly coherent long-lifetime transition for use as a clock/qubit transition. 

Alkali and Alkaline earth metal ion and atoms like Sr, Yb, Ca, Ba are often used species 

because of these properties [15]. Figure 1 shows the relevant energy diagram of a popular 

species for state-of-the-art qubits and atomic clocks: 88Sr+ for qubit operations  [45] and 87Sr 

for optical lattice clocks  [34]. The figure also shows the state lifetime/ Q of the transition, 
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which sets the coherence requirement to the first order of the laser used for exciting the 

transition. The presence of nearby electronic or motional states also requires noise spectra of 

the lasers used. A sequence of steps is typically involved in preparation and interrogation, 

where at each step, a laser with different wavelength is pulsed for operations such as cooling, 

repumping, state preparation, and interrogation. Aliasing effects originating from the use of 

pulsed operation also place a requirement on the noise spectra of the laser used, specifically 

the LO used, and this is known as the Dick effect [47]. 

 

Figure 1.3 Energy level diagrams for 88Sr+ qubit and 87Sr clock: Relevant energy level diagrams 

with lifetime/linewidths of transitions. 

 

Along with noise requirements, each wavelength also has different requirements for 

the beam profile, geometry, polarization, and alignment. Free-space bulk optics are commonly 

used for routing, beam shaping, polarization correction, alignment, and detection. Power-

hungry free-space active components, such as acousto-optic modulators (AOMs) for locking, 

frequency shifting, and high extinction gating, are needed along with complex control and 
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radio frequency (RF) circuits for implementing the control sequence, locking, etc. All of these 

require manual alignment, making the system setup complex, large footprint, and typically 

occupying tabletops. This limits the scalability of qubits and confines such systems to 

laboratory environments. Many of these functions can be improved in terms of scalability, 

power consumption, and ease of alignment using waveguide-based photonic integrated 

circuits. Scaling to a greater number of qubits would also require modular systems with 

multiple functionalities integrated on a monolithic chip, as this approach has been immensely 

successful with traditional semiconductor computing and would require multilayer CMOS 

foundry compatible waveguide platforms for the generation and handling of lasers that can be 

co-integrated with CMOS electronics for system control. 

For routing, waveguides are required to have small bend radii and wide transparency 

in the visible region. For qubit operation and optical clock LO, extremely low loss waveguides 

are needed to make high Q resonators that can provide high extinction for the desired 

frequency noise characteristics at the required frequency offsets for the LO by acting as 

external cavities for lasers, self-injection lock cavities, Brillouin lasers, or cold cavities for 

PDH locks. The loss in waveguides is often dominated by scattering losses [23,24], which 

scale as 1/λ4 and are thus a factor of 25-200 higher as compared  the C-band (1550 nm) losses. 

Thus, careful waveguide design in a wide transparency material is required to enable PICs to 

manipulate and stabilize all wavelengths used for the selected species. Commonly used 

materials are with low losses reported in visible are 6 dB/m in Si3N4 and LiNbO3 at λ = 634 

nm and 637 nm respectively [27,48], 22 dB/m at 453 nm and 93 dB/m at 405 nm in Si3N4 [28], 

and 60 dB/m at λ = 458 nm in Al2O3 [26,29], but none of these achieve sub-dB/m losses and 
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have been used for limited beam routing [49] and none have been used for laser stabilization 

for use as LO.  

 

 

1.3  Lasers, phase noise, power dependence, intensity, profile 
 

 This section briefly discusses the noise spectra in lasers, specifically the definitions 

used in atomic systems. It then discusses the requirements and limitations imposed on noise 

by atomic systems as various parts of the noise spectra have different effects on atomic 

systems, to motivate the development of on-chip stabilization cavities and on-chip Brillouin 

lasers for reducing the noise in different portions of the spectra of the laser. 

 

1.3.1 Laser spectral noise properties 

Laser spectral noise properties determine the coherence of the laser and are often 

quantified in terms of various definitions of linewidths. Fluctuations in the optical noise of the 

laser result in laser phase noise and distort the ideal sinusoidal wave, causing the broadening 

of the laser spectra. Traditionally, the full width at half maximum of the laser spectral profile 

has been referred to as the linewidth of the laser and is quoted to indicate the spectral purity 

of the laser source [50–52]; however, it does not provide an easy quantitative visualization of 

noise at different frequency offsets for which phase noise or frequency noise is often used. 

The phase noise spectrum is represented by the single-sided phase noise power spectral 

density (PSD), Sφ(ν) (rad2/Hz), and is given by the Fourier transform of the autocorrelation 

function of the phase  
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𝑆𝑆𝜑𝜑(𝜈𝜈) =  � 〈𝜑𝜑(𝜏𝜏)𝜑𝜑(𝜏𝜏′)〉𝑑𝑑𝑑𝑑𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗
∞

𝜏𝜏=−∞
  1.1 

Conventionally, this is also denoted by ℒ(ν) (dBc/Hz), which is a single-sideband power in a 

1 Hz bandwidth at a frequency offset ν from the carrier frequency ν0 (ν << ν0) and referenced 

to the carrier frequency power 

ℒ(𝜈𝜈) =  10. 𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝑆𝑆𝜑𝜑(𝜈𝜈)

2
�  1.2 

The noise can also be represented as a one-sided frequency noise (FN) PSD, which is related 

to the phase noise PSD as 

S𝑓𝑓(𝜈𝜈) =  𝜈𝜈2. 𝑆𝑆𝜑𝜑(𝜈𝜈)  1.3 

In the context of atomic clocks, a more important characterization of laser purity is in terms 

of fractional frequency stability, which defines the frequency fluctuations y in terms of the 

deviation from the carrier frequency and its PSD. Sy(ν) (Hz-1) is related to the FN PSD: 

S𝑦𝑦(𝜈𝜈) =  
𝑆𝑆𝑓𝑓(𝜈𝜈)
𝜈𝜈02

  1.4 

To characterize the long-term stability of the lasers used as local oscillators and the clock 

stability, the most often used measurement is Allan variance, also known as Allan deviation 

(Adev) σy(τ), given as 

𝜎𝜎𝑦𝑦2(𝜏𝜏) =  
1

2(𝑀𝑀− 1)
�(𝑦𝑦𝑖𝑖+1 − 𝑦𝑦𝑖𝑖)2
𝑀𝑀−1

𝑖𝑖=1

  1.5 

Its relation to Sy(ν) is given as 

𝜎𝜎𝑦𝑦2(𝜏𝜏) =  2� Sy(ν)
𝑠𝑠𝑠𝑠𝑠𝑠4(𝜋𝜋𝜋𝜋𝜋𝜋)

(𝜋𝜋𝜋𝜋𝜋𝜋)2
𝑑𝑑𝑑𝑑

𝜈𝜈ℎ

0
  1.6 
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where y denotes the ith fractional frequency averaged over the sampling interval τ, and νh is 

the cutoff frequency of the measuring system in Hz. A detailed discussion is given in the 

seminal papers in the following references [26,50,53–56]. 

Next, a brief description of the contribution of the different processes to the spectral 

content of the laser is provided. For a laser limited by purely non-correlated, memoryless, 

quantum phase noise, that is, white frequency noise only sources, the laser linewidth takes the 

form of a Lorentzian line-shape and is denoted by the flat slope 1/ν0 in the Sf(ν) plot and by 

1/τ0.5 in the Adev plot, as shown in Figure 1.2. The white noise-limited linewidth of the laser 

is also known as the fundamental linewidth (FLW), Lorentzian linewidth, or intrinsic 

linewidth, referred to as FLW hereon, and is given as π times Sf(ν) at the white noise flat floor, 

as shown in Figure 1.3 (b)  [57]. The presence of flicker noise from technical noise sources 

broadens the line-shape into a Gaussian line-shape and its convolution with the Lorentzian 

gives a Voigt line-shape, whose linewidth (ΔνLO) is referred to as effective linewidth, total 

linewidth, or integral linewidth (ILW), referred hereon as ILW. The common methods of 

evaluating ILW in the literature are the integration of the phase noise approach  [58], referred 

to as the 1/π integral,  and the β-separation method [57]. The 1/f slope contribution in the Sf(ν) 

plot and 1/τ0 in the Adev plot are referred to as flicker frequency modulation noise, or simply 

1/f noise, shown in Figure 1.4. Moreover, the laser can exhibit a slow drift, which can move 

the center frequency of the Voigt line-shape over time. Such noise present as 1/f2 slope 

contribution in the Sf(ν) plot and τ0.5 in the Adev plot. The drift affects the capture range during 

the lock of the LO to the narrow clock transition in atomic clocks as the electronic transitions 

operate at absolute center frequencies and integral linewidth measurement over a long 
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observation time and is thus very important for any measurement with atoms, molecules, or 

ions [56]. 

  

 

Figure 1.4 Laser noise spectral properties: (a) Laser noise spectra showing white noise limited 

FLW which is broadened to Voigt line-shape with added technical noise and the drift that moves the 

entire line-shape over long observation durations. (b) Frequency noise spectra showing the 

contributions of different noise sources at different frequency offset. (c) Adev plot showing the 

contributions of different noise sources at different averaging times. 

 

 

1.3.2 Effect of laser Noise in Qubit and clock operation 

 

Laser Linewidth and coherence: 

The process of lasers addressing a narrow atomic transition with photons is a 

probabilistic absorption process where a stream of photons coherently interacts with the 

electron to excite it to a long-lifetime state. This is analogous to charging a high Q Fabry-

Perot resonator, which depends on the ringdown time (that is, Q) of the resonator. Reducing 
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the integral linewidth of the laser, thus reducing the power requirement for the lasers, is helpful 

when using broad linewidth lasers for cooling or for the second stage of cooling using a narrow 

transition like the 7.5 kHz 689.3 nm transition in Sr. Because the number of cooled atoms 

scales strongly with the beam diameter and intensity up to saturation, stabilization to a few 

kHz can be helpful for cooling lasers [34]. 

 

Figure 1.5 Laser noise spectra interaction with cold atoms and ions: Simplified picture of role of 

various parts of laser’s spectrum and how they interact with the atom or ions at a high level. 

  

The linewidth and, more importantly, spectral purity at specific frequency offsets of 

the lasers in the case of clock transition, the state preparation, and manipulation laser (referred 

to as LO from hereon) in qubit operation is much more stringent than any other laser used for 

cooling, trapping, and repumping because the coherence time is directly related to the 

linewidth of the laser. The coherence time of the species when interrogated in the Rabi process 

(detailed later), which is a common process used for LO lock to the narrow clock transition, 

is given by 

𝜏𝜏𝑐𝑐𝑐𝑐ℎ =  
1

𝜋𝜋Δν𝐿𝐿𝐿𝐿
 1.7 

To achieve this, a certain criterion for frequency or phase noise is needed for a 

particular atomic system and set of operations and the LO must be locked to a stabilization 
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cavity using PDH locks. These stabilization cavities are designed to have a high Finesse, as 

well as high Q, as the discriminant slope in PDH depends on the resonator Q [4,59] or 

linewidth Δνcavity and the power in the cavity Pc and power in the sideband Ps as follows 

𝐷𝐷 =  
8�𝑃𝑃𝑐𝑐𝑃𝑃𝑠𝑠
Δν𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  1.8 

 Moreover, these cavities are designed to have extremely low drift rates and are housed 

in vacuum to reduce the effects of vibrations [60,61]. Figure 1.6 shows the noise reduction in 

the laser spectra after locking to the cavity, with the lock to such a cavity reducing the integral 

linewidth of the laser and giving it the drift rate of the cavity. The PDH servo phase changes 

to 1 at the servo bandwidth, which adds noise to the laser causing the servo peak, as shown in 

Figure 1.6 (c). The cavity output can be used instead shown in Figure 1.6 (d). The frequency 

noise of the locks is shown in Figure 1.6 (e).  
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Figure 1.6 Laser Stabilization: (a) Free running laser spectra. (b) Traditional stabilization scheme 

by Pound-Drever Hall (PDH) lock of laser to a high quality factor, high finesse, low drift 

stabilization cavity. The output of the laser can be taken from the cavity transmission in which case 

the cavity acts as a filter and removes the servo peaks added by the PDH lock due to the phase of 

feedback. (c) PDH stabilized pump laser. (d) Stabilized pump laser with cavity filtered output (e) 

Effect on frequency noise spectra by locking for the locked laser and locked and filtered laser. 

 

 These free-space Fabry–Perot cavities are bulky, free space coupled, and take a large 

volume and for a significant volume budget in current compact cavities. Waveguide-based 

stabilization cavities can offer a significant reduction in volume, simplify alignment, and 

provide more robust operation at the cost of slightly lower performance. To provide frequency 

noise reduction of multiple orders of magnitude, these will require a high Q factor and 

critically coupled cavities. Moreover, most state-of-the-art bulk high-finesse cavities are 

vacuum-spaced and thus do not suffer from thermorefractive noise (TRN)  [62], and their 

performance limitation comes from the thermal noise in the coatings [22]. Thus, waveguide-

based stabilization cavities need to provide high Q, low thermorefractive noise, and low drift 

to be viable compact stabilization cavities for atomic applications. 

 

Dick Effect: 

Named after G. John Dick, this effect limits the long-term stability of the atomic clocks 

from the LO frequency fluctuations (instability) due to a sequential measurement 

procedure [47]. The LO measurement step is part of several sequential steps, such as cooling, 

repumping, trapping, state preparation/optical pumping, interrogation using LO, fluorescence 

detection, and detection to correct for the LO frequency. Every step other than the 

interrogation and correction is a dead time and results in a limited duty cycle for the correction 
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of the LO. Meanwhile, the time available for the interrogation and correction steps was limited 

by the lifetime/Q of the transition. Dick effect is aliasing effect where the high frequency noise 

related to dead times and duty cycle is aliased into the detection bandwidth. The lock to the 

atomic transition of the LO cannot distinguish the aliased high-frequency noise from the laser 

noise in the detection from the LO noise in the detection bandwidth and attempts to correct 

for it, introducing instability. This effect introduces a sensitivity factor in the fractional 

stability, which depends on the duty cycle of the detection,  dead times, and details of the type 

of detection involved [47]. 

There are several ways to reduce the Dick noise, such as reducing the dead time, 

increasing the probing time, reducing the cycle time while keeping the probe time fixed, 

changing the probing protocol, and reducing the LO noise further  [34]. Reducing the LO 

noise further also has the advantage of improving the coherence times. Moreover, longer 

probing times are possible with reduced LO noise. Therefore, a highly coherent source can 

help reduce the instability caused by the Dick effect. 

 

Figure 1.7 Effect of laser coherence and Dick effect on clock stability: (a) Spectra of lasers with 

different ILW. (b) Adev plot illustrating how the laser coherence and the Dick effect on the stability 

of an atomic clock. A noisier laser affects the initial stability, and the Dick effect reduces long-term 

stability. 
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Effects of far from carrier frequency noise 

The process of probing a narrow transition also imparts momentum to the atoms and 

ions, so the momentum imparted should be small so that it does not increase the motional state 

of the ions or atoms, which is done in part by confining them in the Lambe-Dicke regime, and 

it can be reduced by reducing the far from carrier noise that can interact with motional 

sidebands. In particular, for quantum computing, high-frequency noise can have a significant 

effect on qubit fidelity  [63,64]. One such effect is the high-frequency noise interacting with 

motional modes or even the magnetically degenerate levels of the ions. This results in the 

heating of the ions, resulting in a loss of fidelity. It can also cause non-coherent excitations, 

which also reduce fidelity. The fidelity of a qubit for a sufficiently small noise can be 

expressed as [63]: 

𝐹𝐹(𝑢𝑢) =  
1
2
�1 + exp (−𝑋𝑋(𝑢𝑢))� 1.9 

Where X(u) is the fidelity decay constant and is given by the spectral overlap of the laser noise 

Sφ(ν) with the filter function of the target operation u of duration τ. The filter functions for a 

Rabi operation in one qubit gate can take the form of a low-pass filter with cutoff frequency 

= Rabi frequency times ν2Sφ(ν) [64], such that the maximum contribution to noise is from 

noise around the Rabi frequency and falls off after that. This places a more stringent 

requirement on laser noise than traditional methods of calculating integral noise, such as the 

1/π integral and β separation. A new method has been recently suggested, named the χ 

separation line method, which takes into account high-frequency noise, but it has not yet been 

utilized in other literature.  

 

 



 

20 
 

1.4 Integrated platform requirements 

Any integrated platform will need to reduce the high-frequency noise and the servo 

peak originating from the PDH lock, along with reducing the integral linewidth of the laser 

for the LO, while spectroscopic stabilization or just a PDH lock might be sufficient for the 

cooling lasers. Low loss waveguides will be needed for high Q factor of resonators, with > 

100 M Q requiring < 0.6 dB/m at 674 nm (88Sr+ clock and qubit), 698 nm (87Sr clock) and 778 

nm (87Rb 2 photon clock). Moreover, the resonators for locking will require a low 

thermorefractive noise floor, which is difficult to achieve in waveguides in visible light owing 

to small mode areas and total length of the cavity (hence the total mode volume). High-

frequency offset noise reduction requires the use of nonlinear optical techniques such as self-

injection lock (SIL) or stimulated Brillouin scattering (SBS) lasers, as the resonators for PDH 

locking  need to have < 100s of kHz bandwidth if they need to operate as filters for removing 

servo bumps, which is not possible even with the world’s highest Q resonators that have 

bandwidths of a few MHz to 10 MHz. Ultra-high Q resonators can be used in transmission 

mode to filter high frequency noise, but locking bandwidth and stability and other factors 

makes this approach difficult as well as the amount of optical power transmitted is very low, 

leading to a very low power low noise laser in practice. To address these challenges, this work 

demonstrates low loss visible waveguides, high Q resonators, SBS lasers, and coil resonators 

for large-mode-volume stabilization cavities, along with large-area grating emitters for 

providing cooling beams from the chip. 
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1.5 Thesis structure and contributions 

       The structure of this dissertation and contributors to each chapter are as follows, and 

further listed below: Professor Daniel J. Blumenthal (D. J. B.) is the thesis and research 

advisor for the full body of the work presented in this thesis. Professor Ryan Behunin (R.B.), 

Prof. Galan Moody and Prof. Steven DenBaars served as members of the committee and 

supported the results with helpful discussions and suggestions. 

 

Chapter 2 presents the waveguide loss mechanisms, low loss waveguide design, and high Q 

resonator design at different visible wavelengths. The measurements of the fabricated 

waveguides and resonators are presented herein. 

 Contributors: N.C designed, simulated, built the measurement setup, and measured all 

the TE0 and TM0 mode devices loss and Q except the 461 nm TE0 Q which was measured 

by Chad Hoyt (C.H.) at Honeywell and 493 nm TM0 Q which was measured by N.C., Bryan 

DeBono, and Johanna Zultik at Quantinuum. Naijun Jin and Kaikai Liu (K.L.) did the 

scattering loss simulations. N.C. performed the absorption loss measurements, and K.L. 

performed the fitting and simulations for absorption loss. The TE0 mode devices were 

fabricated by Jiawei Wang (J.W.). The TM0 SBS devices were fabricated in a CMOS foundry 

under the supervision of Karl Nelson (K.N.). Andrei Isichenko (A.I.) and K.L. wrote the 

group’s common Q-fitting code base. 

 

Chapter 3 presents the design of SBS lasers, spontaneous Brillouin measurements, stimulated 

Brillouin lasing measurements, and characterization, which includes threshold, efficiency, and 

frequency noise measurements. 



 

22 
 

 Contributors: R.B. performed the TE0 mode Brillouin gain simulations and helped 

design the Brillouin gain measurement setup. N.C. designed all the devices for spontaneous 

Brillouin measurements and all the SBS lasers, measurement setups, and SBS measurements 

for TE0 674 nm, TM0 698 nm, and TM0 780 nm. A.I. helped with the 780 nm frequency 

noise (FN) measurements and maintained the F.N code, and Prof. Robert Niffenegger (R.N.) 

performed 674 nm TM0 SBS measurements in the setup designed by N.C. and K.L. helped 

with the simulations of TM0 SBS. The TE0 devices were fabricated by J.W. and Debapam 

Bose (D.B.) while the TM0 SBS devices were fabricated in CMOS foundry under supervision 

of K.N. 

 

Chapter 4 presents the coil resonator stabilization cavities and their thermorefractive limits, 

as well as the design and measurements of the laser locked to these cavities. 

Contributors: N.C. designed all the devices. N.C. designed the setup and performed 

the optical frequency discriminator FN for the 698 nm and 674 nm devices. K.L. and N. C. 

performed measurements on 1319 nm coil resonators together. N.C., K.L., A.I., and Henry 

Timmers performed the beatnote measurements on a 674 nm coil stabilized laser. The TE0 

devices were fabricated by J.W., and the TM0 SBS devices were fabricated in a CMOS 

foundry under the supervision of K.N. 

 

Chapter 5 discusses the use of a coil stabilized 674 nm laser for various operations with Sr 

ions, where coil R replaces the bulk free-space Fabry Perot cavity for laser stabilization. 

 Contributors: N.C. performed the initial setup of the coilR, which was later refined by 

Prof. R.N. and N.C., R.N. packaged the coils for use with ions. The ion experiments were 

performed by R.N. and his group members Chris Caron and Nishat Mahzabin Helaly. 
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Chapter 6 discusses the large-area grating emission photonic integrated circuit (PIC) for 

generating three orthogonal millimeter-sized beams for generating a 3-D magneto-optic trap 

(MOT). 

Contributors: N.C designed the waveguides and slab expanders, Matthew Puckett 

(M.P.) and K.N. did the grating emitter design, N.C. performed grating characterizations with 

some 90 nm core measurements performed by K.N. and some 120 nm core measurements 

done by A.I., Renan Moreira (R.M.) and N.C did the mask layout and A.I. did the cooling 

demonstration using the 120 nm core gratings. The fabrication of the 90 nm core gratings was 

performed by R.M. and D.B., and the fabrication of 120 nm core gratings was performed by 

D.B. 

 

Chapter 7 summarizes the work in the thesis and discusses the potential future extensions of 

the work in the thesis, including possible improvements and applications. 
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Chapter 2: Visible low loss waveguides and high Q resonators 

 

2.1 Introduction 

Photonic integration can improve reliability, reduce cost, and size, and enable 

scalability of traditionally table-top-sized precision lasers and optics for visible light 

applications, as discussed in Chapter 1. For example, atomic, molecular, and optical (AMO) 

applications [65] rely on racks of lasers and table-sized optics to perform spectroscopy, 

trapping and cooling, manipulating, and probing a single atom, ion, molecule, or quantum 

gate. Today’s optics infrastructure presents challenges in scaling the number of atoms, ions, 

or qubits to improve the sensitivity of a quantum sensor or the computational complexity of a 

quantum computer. For AMO systems, waveguide loss is paramount to the preservation of 

photons, and resonator Q plays a critical role in laser linewidth narrowing, phase-noise 

reduction, and filtering, as discussed in Chapter 1. Photonic integration can address these 

requirements [66,67] and key functions including photon routing, optical filtering [68], free-

space beam formation [49,69–71], and hybrid tunable [72,73] and ultra-low linewidth 

lasers [7,74]. Realizing a wafer-scale, CMOS compatible, photonic integration platform that 

delivers ultra-low waveguide losses (< 0.1 dB/cm) and ultra-high Q resonators (> 10 million) 

across the 400 - 900 nm range is critical to realize these advances. 

The choice of waveguide core material, in part, determines the loss and Q in the 400–

900 nm wavelength range [10], as well as waveguide design and processing 

considerations [24]. Wide bandgap waveguide core material choices suited to the visible 

include silicon nitride (Si3N4), aluminum nitride (AlN), alumina (Al2O3), tantalum pentoxide 
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(Ta2O5), lithium niobate (LiNbO3), titanium dioxide (TiO2), silicon dioxide (SiO2) and 

diamond [24–31,48,74–83]. In addition to the waveguide core bandgap, nonlinear absorption, 

intrinsic material absorption in the cladding and substrate, and waveguide side- and top-wall 

scattering must be addressed when designing this wavelength regime. Because the scattering 

loss scales as 1/λ4, it contributes significantly to the shorter end of the visible spectrum. To 

date, the lowest losses reported are 0.06 dB/cm in Si3N4 and LiNbO3 at λ = 634 nm and 637 

nm respectively [27,48], 0.22 dB/cm at 453 nm and 0.93 dB/cm at 405 nm in Si3N4 [28], and 

0.6 dB/cm at λ = 458 nm in Al2O3 [26,29]. Resonator Qs in the visible region have mostly 

been relegated to sub-million [34], with a record-high of 11 million reported at λ = 637 nm in 

LiNbO3 and recently 6 million at 453 nm in Si3N4 [28]. The Q factors used till now has 

referred to the intrinsic Q factor (Qi) which depends only on the waveguide loss of the 

resonator, adding a waveguide for coupling to a resonators adds a coupling factor which is a 

loss for the energy stored in the resonator and is referred to as loaded Q (Ql) and is the useful 

Q of the resonator [84]. 

This chapter introduces waveguide loss mechanisms and waveguide designs to 

minimize the loss from each contribution. The waveguide design for low loss is weighed in 

with the tradeoff of bend radius, and different core geometries are discussed with different 

losses, multiple or single-mode operation, and dilute or moderately confined modes with 

different loss and footprint budgets. 

This chapter discusses low loss, visible, and single-mode-only waveguides using 

dilute mode Si3N4 fundamental transverse electric (TE0) mode waveguides first. The single-

mode waveguides that support only TE0 exhibit losses from 1 to 9 dB/m for wavelengths 

https://www.zotero.org/google-docs/?wWsVb9
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ranging from 450 nm to 802 nm and an associated intrinsic resonator Q of 60 Million to 9.5 

Million, a decrease in loss by factors of 6x to 2x and an increase in Q by factors of 10x to 1.5 

× over this visible wavelength range compared to other low-loss visible waveguides in the 

literature. Additionally, the absorption limited loss and Q of 0.17 dB/m and 340 million at 674 

nm are demonstrated which present a limit to the loss and Q that can be achieved in a regular 

rectangular waveguide. 

This chapter then presents the lowest loss waveguides in visible for any visible 

integrated platform by reducing the losses further using the fundamental transverse magnetic 

(TM0) mode in multimode waveguides supporting both TE0 and TM0 modes. This is because 

the waveguide loss in low-loss dilute-mode waveguides is limited by the top and bottom 

surface roughness rather than the sidewalls, as shown by simulations, and the TM0 mode 

exhibits lower scattering loss from the top and bottom scattering [23]. These TM0 waveguides 

are demonstrated sub 1 dB/m losses at visible wavelengths, fabricated in CMOS foundry 

process, with losses and associated Qs of 2.11 dB/m, Qi = 39 x106 at λ = 493 nm, 0.6 dB/m 

and Qi = 94 x106, at λ = 674 nm, 0.51 dB/m, Qi = 114 x106 at λ = 698 nm and 0.36 dB/m, Qi 

= 145 x106 at λ = 780 nm. These low losses will enable low threshold narrow linewidth stable 

sources in the visible region, for which Brillouin lasers and stabilization cavities will be 

discussed later. This chapter concludes by presenting flexible coupling through the use of two-

point coupled resonators that allow for tunability of coupling by phase change of the arm of 

the coupler or by changing the wavelength. Figure 2.1 below shows comparison of our losses 

and Q with lowest state of the art losses and Q from literature in visible wavelengths. Table 

2.1 summarizes the loss results from this chapter at the end of the chapter. Parts of this chapter 

are adapted with permission form our publications  [11,75]. 
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Figure 2.1 Literature Loss and Q comparison: (a) Comparison of losses of our Si3N4 waveguides 

with other state of the art waveguide losses in visible: AlN Liu [25], Al2O3 Cheryl [26], LiNbO3 

Desiatov [27], Si3N4 Cheryl [26], Si3N4 Morin [28]. (b) Comparison of intrinsic Q factors of our 

resonators in visible with literature: Al2O3 West [29], LiNbO3 Desiatov [27], AlN Liu [25], Si3N4 

Sinclair [30], Si3N4 Stafan [31], Si3N4 Morin [28]. 
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2.2 Loss: mechanisms and mitigation in waveguides 

There are three major loss categories in waveguides: absorption, scattering, and 

radiative losses. Absorption loss results from material absorption, defects, metal impurities, 

and unfulfilled bonds in waveguides. The choice of waveguide core and cladding material and 

fabrication have a major impact on this loss. Electronic absorption and bond absorption also 

set the transparency window of the material. We chose Si3N4 core and SiO2 cladding as they 

have been demonstrated to have low loss in IR [24,59] with Si3N4 having a large transparency 

window from 405 nm to 2000 nm and SiO2 having an even larger transparency window with 

low absorption losses for both visible [85,86] for both materials. Fabrication optimization for 

visible light was not explored in this thesis. 

The second major source of loss is the scattering loss. It can originate either from 

particles/roughness, which is much smaller than the wavelength, called Rayleigh scattering, 

or larger particles (wavelength/10 or larger), called Mie scattering. Rayleigh scattering scales 

as 1/λ4, is the major contributor to losses in visible wavelengths, and increases as the 

wavelength is reduced from the red to the blue end of the spectrum. Mie scattering can result 

from particles in fabrication and can result in split resonances, but is negligible to absent in 

the CMOS process due to much lower particles than a research cleanroom. Scattering from 

larger particles is independent of the wavelength. Rayleigh scattering in this work’s low loss 

waveguides is reduced by designing dilute mode waveguides [24,87,88], where the mode area 

is large and only a small fraction of the mode lies inside the core; thus, only a small fraction 

of the mode overlaps with the waveguide sides. Furthermore, they are designed as large aspect 

ratio waveguides with small heights and large widths. This is done to reduce the overlap with 
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the sidewalls, which are defined by the waveguide etch and are 10-50 times rougher than the 

top surfaces of the waveguides, which are defined by the deposition process. Figure 2.2 shows 

the loss mechanisms, dilute-mode waveguide design and loss, Q, and footprint tradeoffs in 

dilute mode. 

 

Figure 2.2 Waveguide loss and design: (a) Loss mechanisms in waveguides showing three 

major loss contributors, absorption, scattering and radiative. (b) Dilute mode large aspect ratio 

waveguide with extremely low overlap with the core, comparison between 20 nm dilute mode core 

and 90 nm moderately confining core shows that the overlap is 10x lower in the dilute mode core. (c) 

Waveguide footprint increases with decreasing mode confinement or with increasing wavelength to 

avoid radiative losses. 
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Reducing the radiative losses from the air and substrate requires making the cladding 

thick such that the evanescent tail of the mode is completely confined in the cladding and does 

not extend to the substrate or air at the cost of additional fabrication time. Reducing the 

radiative losses from the bends requires increasing the number of bends. The bend loss scales 

as ∝ 𝑒𝑒1/𝑅𝑅�𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒, the dilute mode waveguides have lower neff and thus need larger bend radius 

to reduce the radiative losses. Thus, very dilute mode waveguides require larger bends and 

resonator radii, making the structures large, which is a tradeoff with low loss, as shown in 

Figure 2.2 (c). Other advantages of low-loss Si3N4 waveguides are as follows. 

• CMOS Compatible: Si3N4 waveguides have a wide transparency (405-2350 nm) 

window and low absorption, and the fabrication process is CMOS-compatible. 

• Simpler and fabrication robust Couplers: Dilute mode allows strong coupling even 

with wider gaps. Even this work’s short wavelength 461 nm rings have gaps of ~ 1 µm 

in simple point couplers. The DUV photolithography resolution of the UCSB 

cleanroom was approximately 200 nm, and these couplers were easily defined by the 

DUV. 

• Large Mode Area: Helps with designing low TRN cavities discussed in chapter 4. 

• Negligible radiative losses: We use thick cladding, so the waveguide has no radiative 

loss to the substrate or air and is well protected from the environment. Dilute mode 

waveguides with large bends also have a low mode mismatch where the bend direction 

changes, resulting in negligible bend transition losses. 
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2.3 Fundamental TE0 mode waveguides and resonators 

2.3.1 Waveguide design 

This dilute mode low confinement waveguides have lower sidewall scattering loss, lower 

core absorption loss, and single-mode operation. We utilized the dilute mode waveguides and 

engineered the mode to have a large effective mode area with reduced overlap with the 

sidewall to minimize the loss. This is achieved by selecting the widest width that supports a 

single TE or quasi-single TE mode. A quasi-TE mode waveguide is designed by selecting a 

core width in which both the fundamental TE0 and TM0 are supported, but TM0 has a very 

high bend loss and can be filtered out by selecting an appropriate bend radius [89]. Because 

the same core thickness is used in the entire wavelength range of 461–802 nm, structures for 

different wavelengths in this range can be placed on the same die with only the width change 

in the mask design to accommodate different wavelengths. This opens up the possibility of 

using structures for multiple wavelengths on the same device. A comparison of low loss dilute 

mode waveguides with moderate confinement waveguides, which were also designed as part 

of this thesis, is made. 

The low loss, low confinement waveguide has a 20 nm thick Si3N4 core. The moderate 

confinement waveguide is a 90 nm thick core  [75] and has the advantage of smaller structures 

and higher density at the cost of slightly higher loss. The mode profiles and bend loss (excess 

loss due to bends) for both cores are shown in Figure 2.3 for λ = 461, 674, and 802 nm, with 

the mode at λ = 698 nm being like the mode at λ = 674 nm. A parameter called the critical 

bend radius is defined as the radius above which the loss contribution from the bends is < 10-

2 dB/m. When designing the ring resonators and S-bends, the bend radii are maintained above 
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the critical bend radius. The loss comparison between the 90 nm thick core waveguide and the 

20 nm thick core waveguide shows a significant loss reduction by choosing a thinner 

waveguide core, which verifies the previous claim of loss dominated by sidewall roughness. 

This was further verified by absorption loss measurements. A thicker core can be used in 

applications where loss is not as critical and a higher component density is required, as the 

smaller critical bend radii allow for integration density. One example of where the thicker 

core is used in this work being large area grating emitters where the bends are designed to be 

0.5 mm and the slab expander footprint also benefits from the thicker core and gets 

prohibitively long in thinner cores. 
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Figure 2.3 Simulation and design of waveguides with comparison of 20 nm low loss core with 

90 nm core: (a) Waveguide cross section in 90 nm core geometry. (b), (c), (d) Mode profiles in 90 

nm core for λ = 461 nm, 674 nm, 802 nm respectively. (e), (f), (g) Critical bend radius for  λ = 461 

nm, 674 nm, 802 nm respectively, 461 nm and 802 nm only support single TE in both 20nm and 90 

nm core geometry, 674 nm supports TM which has very high loss in bends and can be filtered out by 

choosing bend radii  smaller than 10 mm in 20 nm core geometry and smaller than 1 mm in 90 nm 

core geometry (quasi TE only). (h) Waveguide cross section in 20 nm core geometry. (i), (j), (k) 

Mode profiles in 20 nm core for λ = 461 nm, 674 nm, 802 nm. 

 

Cutback spirals and ring resonators were designed for loss characterization. Spirals and 

resonators also form building blocks for a multitude of different passive components, such as 
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delay lines, filters, SBS lasers, external cavity tunable lasers, etc. For the 20 nm core, a 2 m 

spiral was designed to evaluate the loss at 450 nm and 674 nm, and straight waveguides were 

used to extract the coupling loss from the waveguides. Multiple cutback spirals are not 

possible because of the large footprint of the devices. In the 90 nm core, cutback spirals were 

designed with three different lengths: 0.5, 1, 1.5 m. Along with these spirals, bend loss 

measurement structures were designed with multiple S bends with radii of 50, 100, 200, and 

400 µm. For the 20 nm core, ring resonators with radii of 3 mm for λ = 461 nm, 8.9 mm radius 

for λ = 674 nm, and 10 mm for λ = 802 nm were designed and fabricated. The resonator power 

coupling factor (𝛋𝛋2) is ~ 16% at λ = 461 nm, 1.5% at λ = 674 nm, 1% λ = 698 nm and 57%, 

at λ = 802 nm. The resonators were designed to be overcoupled at 461 nm and 802 nm, 

critically coupled at 674 nm, and undercoupled at 698 nm. Test structures are employed to 

independently measure 𝛋𝛋2, and are used with the Q measurements to extract loss from 

resonators.  
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Figure 2.4 Structures for waveguide loss measurements: (a) 20 nm core, R = 3 mm 

resonator for 461 nm Q measurement. (b) 20 nm core, R = 9.4 mm resonator for 698 nm Q 

measurement. (c) 20 nm core, 2 m coil for measuring propagation loss at 698 nm. (d) 90 nm core, 1 

m cutback spiral for loss measurement. (e) 20 nm core, 2 m coil for measuring propagation loss at 

450 nm with a penny for size comparison. (f) 90 nm core, bend loss measurement S bends. 

 

 

2.3.2 20 nm core waveguide and resonator measurements 

The intrinsic and loaded Qs of the all-pass ring resonators were measured, and the 

waveguide losses and absorption-limited loss were extracted from these measurements. Spiral 

coils were used to measure the propagation losses directly and compared to the losses obtained 

using the resonators. A 3 mm radius resonator was used for Q measurement at 461, and a 2 m 

coil was used for propagation loss measurements at 450 nm. A 9.4 mm radius resonator was 

used for Q measurement at 698 nm and two meter coil was used for propagation loss 

measurements at 698 nm. 

Q at λ = 674 nm and λ = 802 nm was measured using a frequency-swept source 

calibrated by an unbalanced Mach–Zehnder interferometer (MZI) method [24,74], as shown 

in the schematic in Figure 2.3(f). Q at λ = 461 nm and λ = 698 nm was measured using a swept 

source that was calibrated by adding sidebands at a known frequency offset from the carrier 

and then sweeping the carrier as well as the sidebands across the resonance [24]. The MZI 

was calibrated, and the Q values obtained using the MZI and sideband methods matched well 

with the values obtained from cavity ring-down measurements from previous 

publications  [24,74]. Ring down could not be performed, as the ring down time of a few 

nanoseconds for these devices would require a fast shutter/modulator that was not available 
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for visible light. Loss is extracted from resonators Qs and coupling coefficients from test 

structures as the fit on the Q gives two Q values for intrinsic loss, one corresponding to the 

intrinsic loss and one corresponding to the coupling loss, and independent measurement of 

coupling or measurement of two rings with the same intrinsic but different coupling loss is 

required to separate the two. Figure 2.4 shows the frequency sweeps of the resonators for 

extracting Q. Both intrinsic Q and loaded Q are reported. Intrinsic Q is dependent on the 

resonator loss only and the intrinsic Q gives a limit to Q. Loaded Q is when the resonator is 

coupled to a bus and includes coupling losses and is the Q used in applications. 

At λ = 698 nm, the intrinsic Q = 60 million and loaded Q = 34.4 million (Figure 2.5 (a)) 

were measured with a corresponding calculated 0.01 dB/cm (1 dB/m) loss. At λ = 674 nm, the 

intrinsic Q = 54.4 million and loaded Q = 27.7 million (Figure 2.5 (b)) with a corresponding 

0.01 dB/cm (1 dB/m) loss. At λ = 802 nm the intrinsic Q = 28.3 million and loaded Q = 0.81 

million (Figure 2.5 (c)), corresponding to a 0.02 dB/cm (1.8 dB/m) propagation loss. At λ = 

461 nm, the loaded Q = 1.65 million and intrinsic Q = 9.5 million (Figure 2.5 (d)) with a 

corresponding 0.09 dB/cm (9 dB/m) loss. At λ = 698 nm, the propagation loss measured using 

the spiral (Figure 2.5 (c)) is 0.03 dB/cm (3 dB/m). The mismatch at λ = 698 nm between the 

resonator and spiral loss might be due to the increased number of particles on the spiral 

waveguides compared to the resonators. At 802 nm, the loss measured from the resonator is 

also higher than expected owing to particles, as seen in the right portion of the 802 nm 

resonator in Figure 2.5 (e). The propagation loss at λ = 450 nm is 0.08 dB/cm (8 dB/m), 

obtained from the spiral in Figure 2.5 (e), [75] which matches well with the calculated 0.09 

dB/cm (9 dB/m) loss from resonator at λ = 461 nm. The fiber-to-chip coupling losses were 3 

dB/facet at λ = 461 nm, 4.5 dB/facet at λ = 674 nm, and 3.5 dB/facet at λ = 802 nm. These 
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coupling losses can be improved by utilizing mode-size converters at the facets and polishing 

the facets [90].  

 

Figure 2.5 Q Measurements: (a) T is resonator transmission spectrum, Q measurement for 

ring of R = 9.4 mm, loaded Q = 34.4 million and intrinsic Q = 60 million at λ = 698 nm. (b) Q 

measurement for ring of R = 8.9 mm, loaded Q = 27.7 million and intrinsic Q = 54.4 million at λ = 

674 nm. (c) Q measurement for ring of R = 10 mm, loaded Q = 0.81 million and intrinsic Q = 28 

million at λ = 802 nm. (d) Q measurement for ring of R= 3 mm, loaded Q = 1.65 million and 
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intrinsic Q = 9.5 million at λ = 461 nm. (e) Images of resonators during Q measurements, the bright 

spot in 802 nm resonator is a particle in vicinity of waveguide. 

 

 

2.3.3 20 nm core absorption loss measurements 

The absorption loss at 674 nm was measured to separate the contributions of the 

absorption and scattering losses and determine the potential loss, and Q, given that the 

scattering loss is reduced to below absorption. This measurement follows a technique to 

quantify the resonance photothermal induced bistable linewidth shift [24] using a spectral scan 

across resonance with a high on-chip power that induces a photothermal resonance redshift 

that is comparable to the resonance linewidth. This photothermal effect is a direct result of the 

absorption heating in the resonator. As shown in Figure 2.6 (a), the red detuning (from shorter 

wavelength to longer wavelength) across the resonance heats up the resonator and induces a 

resonance redshift, resulting in a skewed line-shape. The thermal impedance of the ring 

resonator was simulated using COMSOL ® to extract the absorption loss relative to the total 

loss. Assuming 𝑅𝑅𝑡𝑡ℎ = 9.72 𝐾𝐾/𝑊𝑊, the thermal-optic redshift with a global heating of the chip 

is measured, 𝛥𝛥𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟/𝛥𝛥𝛥𝛥 = 9.31 𝐺𝐺𝐺𝐺𝐺𝐺/𝐾𝐾, which yields the resonance redshift per milliwatt of 

optical power absorbed by the resonator, 𝛥𝛥𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟/𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 38.0 𝑀𝑀𝑀𝑀𝑀𝑀/𝑚𝑚𝑚𝑚. As shown in Figure 

2.6 (b), the resonance redshift has a linear relationship with on-chip power, confirming the 

photothermal heating effect, from which the absorption loss to be 0.17 dB/m which is < 15% 

of total loss is extracted. The intrinsic Q corresponding to this absorption loss is ~ 340 million 

at λ = 674 nm. This shows that the losses are scattering limited in red with > 85% contribution 
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from scattering, and further improvements in losses to below < 1 dB/m and Qs in excess of 

100 million at red are possible by reducing the sidewall scattering. 

 

Figure 2.6 Thermal bi-stability measurement: (a) Resonance transmission at different on-

chip powers (power in the bus waveguide) showing thermal redshift. (b) Rate of resonance redshift 

from fit = 5.4 MHz/mW. 

 

2.3.4 90 nm core loss measurement 

 The losses in the 90 nm core were measured with ‘cutback’ in-out spirals of three 

different lengths: 0.5, 1, and 1.5 m. Two sets of interleaved spirals were designed: one set 

with a width of 300 nm for λ = 450 nm and another set with a width of 400 nm for λ = 698 

nm and λ = 802 nm. The losses are plotted in Figure 2.7 below. The measured propagation 

losses were 5 dB/cm for λ = 450 nm, 0.24 dB/cm for λ = 698 nm and 0.13 dB/cm for λ = 802 

nm, respectively. The facet coupling losses extracted from the cutback loss fits were 6.5, 4 

dB/facet and 4.5 dB/facet, respectively. Facet tapers are designed and measured to reduce the 

facet coupling loss at λ = 698 nm and λ = 802 nm and reduce the facet loss to 3 dB/facet and 

2.7 dB/facet respectively (Figure 2.7(c)). We also measured the S-bend structures for bend 
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loss measurements and found that the bend loss measurements agree well with simulations 

with a critical bend radius < 100 µm for λ = 450 nm, ~ 100 µm for λ = 674 nm, and ~ 200 µm 

for λ = 802 nm.  

 

Figure 2.7 Loss measurement in 90 nm core: (a) Cut-back measurement at λ = 450 nm with 5 

dB/cm loss. (b) Cutback measurement at λ = 674 nm, 802 nm with 0.24 and 0.13 dB/m loss. (c) 

Taper loss measurement for reduction in facet loss yielding 3 dB/m loss at λ = 674 nm and 2.7 

dB/facet loss at λ = 802 nm. 
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2.4 TM0 mode waveguides and resonators 

2.4.1 Waveguide design 

This waveguide design consists of dilute mode, high aspect ratio waveguides 

supporting both fundamental TE (TE0) and TM (TM0) modes, with the TM0 mode being the 

lower loss mode. Scattering simulations on dilute mode waveguides [23] suggest that the total 

losses are limited by scattering from top waveguide surface and the TM0 mode surface 

scattering is significantly lower than the TE0 mode scattering loss. The simulation for the total 

scattering loss was performed at 674 nm and showed a loss reduction for the TM0 mode 

compared to the TE0 mode in the 20 nm core. However, because of the large bend radii 

required for TM0 in the 20 nm core, a core thickness of 40 nm supports the TE0 and TM0 

modes, and the waveguide width is varied to support different wavelengths from 493 nm to 

780 nm in the same core. There is a tradeoff between the waveguide width and bend loss, with 

smaller widths having lower scattering losses but higher bend losses, resulting in a larger 

critical bend radius. We define critical bend radius as bend radius above which the loss 

contribution from bend is < 0.01 dB/m and can be neglected. The waveguide widths are 1.2 

um for λ = 493 nm, 2.3 um for λ = 674 nm - 698 nm and 4 μm for λ = 780 nm with critical 

bend radius of 1 mm for 493 nm and 2 mm for the rest of the wavelengths.  

Resonators with different radii were designed for loss measurements and other 

functionalities. For λ = 493 nm, different gap resonators were designed with radius R = 2 mm. 

For λ = 780 nm Resonators are designed with R = 5.4 mm and 4.4 mm with different gaps to 

extract the intrinsic and coupling losses. For λ = 674 nm and 698 nm, two different sets of 

resonators are used for loss measurement, 3 m waveguide length coil resonators, in which the 
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waveguide width is adiabatically increased to 3 μm to avoid bend losses in the central S bend. 

The second set of resonators was made with a two-point coupler design, which will be detailed 

later. 

 

Figure 2.8 TM0 waveguide design: (a) waveguide cross-section. (b) Comparison of scattering 

loss at λ = 674 nm for a 20 nm thick core waveguide, demonstrating that the losses are dominated by 

scattering from the surface rather than the sidewalls. The sidewall loss decreases with increasing core 

width as the overlap with the sidewall decreases, but the top surface TM0 loss increases with 

increasing width owing to a higher overlap with the top surface. 

 

2.4.2 40 nm core loss and Q measurement 

 The waveguide loss measurement was performed by measuring the Q factors of the 

resonators using the calibrated MZI method, such as the TE loss measurement. The measured 

losses and Quality factors are of 2.11 dB/m, Qi = 39 x106 at λ = 493 nm, 0.6 dB/m, and Qi = 

94 x106, at λ = 674 nm, 0.51 dB/m, Qi = 100 x106 at λ = 698 nm and 0.36 dB/m, Qi = 145 

x106 at λ = 780 nm. These are the lowest losses reported to date and the first sub 1 dB/m losses 

and first over 100 million Q factors for any visible wavelength waveguide. Figure 2.9 shows 

the Q measurements of the resonators. 
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Figure 2.9 TM0 waveguide resonator Q measurements: (a) 780 nm resonator with Ql = 64 x 

106, Qi = 145 x106. (b) 493 nm resonator with Ql = 7.6 x 106, Qi = 39 x106. (c) 674 nm resonator with 

Ql = 58.5 x 106, Qi = 93.2 x106 and FSR = 65.5 MHz. (d) 698 nm resonator with Ql = 43.4 x 106, Qi 

= 100 x106 and FSR = 66.9 MHz, all the resonators were fabricated in 8 inch CMOS fabrication. 
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2.4.3 120 nm core loss and Q measurement 

The losses in the 120 nm core are measured with ‘cutback’ in-out spirals of three 

different lengths: 0.5, 1, and 1.5 m. The spirals were designed with a 900 nm width for λ = 

780 nm as the fabrication robust width compared to the narrow 400 nm width for the TE0 

only mode as the ASML stepper resolution at the UCSB is ~ 250 nm. Along with spirals, 

resonators are designed to measure the loss in an independent method and are designed for 

radii R = 1 mm, 0.75 mm, 0.5 mm; resonators with different radii are designed to measure the 

critical bend radius. The losses of the cutback spirals and the R = 1 mm resonator are plotted 

in Figure 2.10 below. For λ = 780 nm, the measured propagation losses are 3.1 dB/m from the 

spiral and 2.4 dB/m from the R = 1 mm and R = 0.75 mm resonator, showing a good 

agreement. R = 0.5 mm resonator yielded a loss of 26 dB/m, giving a critical bend radius of ~ 

0.75 mm. 

 

Figure 2.10 TM0 120 nm waveguide measurements: (a) 780 nm resonator with Ql = 3.6 x 106, Qi 

= 21.7 x106. (b) Loss measurement from cutback spirals = 3.1 dB/m which agrees well with the loss 

extracted from resonator. 
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2.4.4 Resonators with two point coupler 

Resonators can be designed with a two-point coupler, where the coupling section is an 

MZI that provides tunable coupling for the resonators. Such resonators have been 

demonstrated  [91–97] and utilized for tunable bandwidth resonators, filters, and for the 

extraction of losses using a single resonator. These allow loss extraction using single 

resonators as different Q values can be measured for different k values, and the fit will give 

the same intrinsic loss but different coupling losses, making it possible to identify the two 

possible without a second resonator or coupling test structure. These also enable fabrication 

robustness, as the couplings can change in fabrication from shrinkage of the waveguide, minor 

differences in indexes, minor changes in core thickness, etc. Moreover, these also enable wide 

bandwidth operation of resonators, as the coupling can be changed to account for dispersion 

as long as the waveguide supports the mode, and the mode does not suffer from bend losses. 
 

 
Figure 2.11 2-point coupled resonator schematic: shows a typical two-point coupled device 

with point couplers having power coupling coefficients κ2, where the length of the ring arm is L1, 

and the coupler arm is L2. 

 

The coupling of the MZI coupler is between a minimum value of 0 and a maximum value 

of. 

𝜅𝜅2−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 = 4𝜅𝜅2(1 − 𝜅𝜅2) 2.1 
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Assuming that the two-point couplers have the same coupling coefficient κ2 (Figure 2.9), the 

FSR of the coupler is given as 

𝐹𝐹𝐹𝐹𝐹𝐹(𝜆𝜆) =  
𝜆𝜆2

𝛥𝛥𝛥𝛥.𝑛𝑛𝑔𝑔
 

 

2.2 

where ng is the group index at wavelength λ and the length difference between the arms is ΔL 

= L1–L2.  

The visible two-point coupler devices are designed with R ~ 3.7 mm and κ2 = 3 MHz, 

which gives the maximum κ2
2point ~ 50 MHz for λ = 670 – 700 nm with the TM0 mode 

operation. The FSR of the two-point coupler is 0.12 nm at 698 nm which can be shortened by 

choosing a longer arm length for one of the arms of the coupler. A smaller FSR enables less 

tuning power but increases the footprint of the devices. These devices were tested at 698 nm 

with metal tuners used to tune the coupling and to show the versatility of these devices, which 

were also tested at 780 nm for the TE0 mode, as shown in Figure 2.10 summarizing the results. 

The coupling at 698 nm covers all three regimes of coupling, starting at over-coupled 

operation, with coupling decreasing, reaching critical coupling, and eventually reaching an 

under-coupled regime as the power continues to increase, as shown in figure 2.12 (a) and (c). 

Interestingly, the under-coupled regime reveals split resonance with ~ 2 MHz splitting caused 

by scatterers and is indistinguishable at higher coupling values. The intrinsic loss remains 

constant for different coupling values; thus, the two-point coupler can also be used to extract 

losses. As an example of loss extraction, the same resonators are used at 780 nm with TE0, 

and because the couplers are not designed for this wavelength, the resonators remain under-

coupled, but the intrinsic loss is successfully extracted, as shown in Figure 2.12 (b) and (d). 
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Figure 2.12 2-point coupler resonator test: (a) Measured linewidth of the two-point coupled 

resonator at 698 nm for TM0 mode showing full FSR tuning and showing that the tuning can 

achieve fully designed coupling, including achieving a critically coupled operation. These are 

also used to extract the intrinsic coupling and show the intrinsic coupling (loss of 0.83 dB/m) 

values unchanged as the external coupling is swept. (b) Measured linewidth at 780 nm, this is not 

able to achieve critical coupling but is sufficient to extract the intrinsic coupling for the 

waveguide geometry. (c) Resonance transmissions for the tuning of the 698 nm coupling, which 

reveals a split resonance of ~ 2 MHz in the under-coupled region, which is otherwise obscured 

by the larger external coupling for critical coupling and over-coupled operation. (d) Resonance 

transmission for 780 nm TE0 mode. 
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2.5 Conclusion 

       This chapter demonstrates the lowest waveguide losses in the visible and near-IR regions 

for any waveguide platform reported to date. The reported losses are between 1 dB/m and 9 

dB/m for a single fundamental (TE0) mode operation with Qs for a bus-coupled ring resonator, 

between ~10 million and 60 million, in the same wavelength range. Further lowering of losses 

is demonstrated with the losses between 0.36 dB/m and 2.2 dB/m for fundamental TM0 mode 

operation with the Qs for a bus-coupled ring resonator, between ~40 million and 145 million, 

in this same wavelength range. These waveguides are CMOS compatible, and TM0 mode 

devices with the lowest losses are fabricated in a CMOS foundry. These waveguides enable 

wafer-scale integration platforms for multiple visible wavelengths and open the possibility for 

on-chip components such as delay lines, switches, modulators, Brillouin lasers, reference 

cavities, and tunable lasers [98] to support visible-light AMO applications including quantum, 

atom, ion, and molecule transitions. The low absorption limited loss at 674 nm (0.17 dB/m, 

<15% of the total loss for the TE0 mode) shows the potential to further improve these results 

by advanced fabrication processes that reduce the roughness of sidewalls [24]. There are 

opportunities to further reduce the loss to below 0.1 dB/meter and Q to greater than 300 

million by employing nitride surface passivation and blanket nitride deposition 

techniques [24]. These results represent a significant step forward in visible-light wafer-scale 

photonic integration platforms, opening a wide range of potential applications that utilize 

atoms, ions, and molecules, including sensing, navigation, metrology, and clocks. Table 2.1 

summarizes the loss and Q factors of all the waveguide configurations discussed in this 

chapter. 
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Table 2.1 Waveguide Loss Summary 

Lowest loss and highest Q TM0 mode 
 493 nm 674 nm 698 nm 780 nm 

Waveguide Width 1 μm  2.3 μm 2.5 μm 4 μm 
Critical Bend Radius 1 mm 3 mm 3 mm 3 mm 

Propagation loss 2.11 dB/m 0.6 dB/m 0.51 dB/m 0.36 dB/m 
Qi 39 million 94 million 114 million 145 million 

Low loss TE0 20 nm core  
461 nm 674 nm 698 nm 802 nm 

Waveguide Width 1.3 μm 2.3 μm 2.3 μm 2.3 μm 
Critical Bend Radius 0.33 mm 2.3 mm  

 
3 mm for TE0 5.5 mm 

Propagation loss 9 dB/m 1.1 dB/m 1 dB/m 1.8 dB/m 
Qi 9.5 million 54.4 million 60 million 27.7 million 

Higher confinement cores  
461 nm 674 nm 780 nm 802 nm 

Core thickness 90 nm 90 nm 120 nm 90 nm 
Mode used TE0 TE0 TM0 TE0 

Waveguide Width 300 nm 400 nm 900 nm 400 nm 
Critical Bend Radius 100 μm 100 μm 750 μm 200 μm 

Propagation Loss ~5.0 dB/cm ~0.24 dB/cm 2.4 dB/m ~0.13 dB/cm 
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Chapter 3: Visible integrated Brillouin lasers for low 

fundamental noise 

 

3.1 Introduction 
 Highly coherent visible-light lasers provide the spectral purity required for precision 

atomic, molecular, and optical (AMO) physics such as quantum computing and 

sensing [15,99,100], atomic clocks [15,101], and atomic and molecular spectroscopy [102–

104], as discussed in Chapter 1. Traditionally, the low-phase noise and high-frequency 

stability needed to address narrow optical transitions in atoms, ions, and molecules [60,105] 

is provided by the use of macroscopic laser systems locked to large, high-finesse, low-drift 

optical reference cavities in conjunction with vapor cells. These provide state-of-the-art 

performance [15,34,106] but are lab-scale systems that pose challenges for atomic and 

molecular experiments of ever-growing complexity and for portable, integrated, or even 

autonomous optical clocks. There is a need for visible wavelength lasers that are smaller and 

more reliable so that experiments can scale the number of wavelengths, atoms, or molecules, 

and complexity in general by reducing the size, weight, and power (SWaP) of the optical 

sources. Photonic integration provides a path to miniaturize these laser systems and improve 

their reliability [10,107,108], reduce sensitivity to environmental disturbances, and enable 

systems with a larger number of entangled atoms [109,110], higher sensitivity quantum 

sensors [99,111], higher precision positioning, timing, and navigation [112], and probing of 

complex molecules [113–118].  
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Stimulated Brillouin scattering (SBS) lasers with pump linewidth narrowing properties 

and ultralow phase noise emission [1] are promising candidates for AMO physics and 

quantum applications. SBS emission in the visible region has been achieved with fiber-optic-

based resonators, exotic fibers, and bulk optical implementations [119–125]. Recently, the 

coherence of a near-infrared (NIR) fiber SBS laser was transferred to the visible region to 

address the clock transition of strontium; however, this work required bulky, power-

inefficient, nonlinear frequency conversion [126]. To reduce system complexity and power 

requirements, and improve reliability, it is desirable to use a “direct drive” approach, where 

the SBS laser directly emits at the desired visible wavelength, without intermediate conversion 

stages. Chip-scale SBS lasers operating in the NIR have exhibited impressive 

performance [74,127–134], achieving sub-Hz fundamental linewidth [74], 30 Hz integral 

linewidth over 100 ms, and 2×10-13 fractional frequency stability [135], and more recently, 

impressive sub 100 mHz fundamental linewidth (FLW) performance [134] in a cascading 

inhibited SBS. To date, visible light emission in a photonic-integrated SBS laser has not yet 

been achieved. This lack of progress has been primarily due to barriers such as realizing ultra-

low loss Brillouin-active planar waveguides in the visible region, leading to inefficient 

Brillouin scattering, and preventing SBS lasing in the desired operating regime of long photon 

guiding lifetime, short phonon guiding lifetime, large resonator photon lifetime, and large 

resonator mode volume [74,136]. Overcoming these barriers, as well as realizing a visible 

light SBS laser in a wafer-scale integration platform, will lead to reduced size and cost, 

improve stability and robustness to environmental disturbances, and enable experiments and 

applications with an increasing number of stable lasers and wavelengths, such as multi-qubit 

quantum computers in trapped ions and cold atoms [46,137]. 
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This chapter demonstrates visible light stimulated Brillouin scattering (SBS or 

Brillouin) lasers and visible light spontaneous Brillouin scattering in a photonic integrated 

waveguide structure. These lasers are ring-bus resonator design fabricated using low loss 

waveguides described in Chapter 2. Brillouin lasing in TE0 mode at λ = 674 nm is 

demonstrated with a 14.7 mW optical threshold, a 45% slope efficiency, and 9.28 mW on-

chip output power for the first order Stokes (S1) with linewidth narrowing to 269 Hz as the 

pump power is increased from below threshold up to the second order Stokes (S2) emission 

threshold. The record-low waveguide losses discussed in Chapter 2 (~ 1 dB/m) and record-

high Q (60 million) at λ = 674 nm in TE0 single-mode waveguides enable this SBS laser to 

operate in a 2.68 × 104 μm3 mode volume resonator. To measure the visible-light Brillouin 

gain spectrum in a photonic waveguide, detection of the extremely weak spontaneous 

Brillouin gain backscattered signal is enabled without the benefit of stimulated gain 

measurements. Traditional real-time pump-probe stimulated Brillouin gain measurements 

were difficult to perform due to the absence today of 26 GHz phase modulators that operate 

at λ = 674 nm, 698 nm and 1348 nm semiconductor sources that can be frequency doubled 

without filtering out the sideband. An accurate prediction of the ~ 26 GHz Stokes frequency 

shift was performed using a multiphysics simulation, and the Stokes shift was measured by 

time-averaged heterodyne Brillouin spectroscopy between the pump and backscattered 

signal  [7,138]. A 25.110 GHz first order Stokes frequency shift and 290 MHz gain bandwidth 

were measured and accurately predicted by the simulations. The simulations predicted a peak 

Brillouin gain of 2.73 (W m)-1. The gain measurements guide the laser ring-bus resonator 

design, with a 3.587 GHz free spectral range (FSR) equal to one-seventh of the 25.110 GHz 
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S1 frequency shift. To highlight the versatility of this laser, SBS lasing at λ = 698 nm using 

the same waveguide materials and design, with mask-only changes, is also demonstrated, but 

exhibits a high threshold from imperfect phase matching.  

To reduce the threshold of the lasers and enable operation right below S2 emission 

where the S1 linewidth is narrowest, this chapter presents smaller radius and lower loss TM0 

mode emission SBS resonators. TM0 SBS resonators with SBS lasing S1 threshold of 9 mW 

at λ = 674 nm, 6.6 mW for λ = 698 nm and 0.8 mW at λ = 780 nm are demonstrated. This first 

sub-mW threshold is made possible by the first < 1 dB/m loss and > 100 million Q at λ = 780 

nm, as reported in Chapter 2. The λ = 698 nm SBS laser has a 6.6 mW threshold, a factor of 

10x reduction over previous integrated SBS resonators and a 7.8 Hz fundamental linewidth, a 

factor of >500x reduction in FLW. The λ = 780 nm and 778 nm SBS laser have a 0.8 mW S1 

threshold a 20 Hz fundamental linewidth a >2500x reduction in FLW. The 674 nm TM0 SBS 

laser has a lower 10 mW S1 threshold and 12 Hz FLW, a >3500x reduction in FLW. These 

SBS lasers also lower the integral linewidths by over an order of magnitude, with 1/π ILW of 

S1 3.6 kHz, down from 57 kHz for free running at λ = 698 nm, 6 kHz, down from 121 kHz 

for free running at λ = 674 nm and 1.4 kHz down from 160 kHz for free running at λ = 780 

nm. The 674, 698, and 780/778 nm wavelengths were chosen to highlight their applicability 

in ion qubit, neutral strontium clock, and Rb two-photon clock transitions, respectively. The 

cascaded emission of the third Stokes tone (S3) was also demonstrated at λ = 780 nm. The 

SBS laser devices at λ = 780 nm were fabricated in both, 8” CMOS foundry as well as UCSB 

research cleanroom. Parts of this chapter have been adapted with permission from our 

previous publications  [7,138]. 
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3.2 SBS lasers 

3.2.1 Introduction to SBS lasing in weakly guiding Si3N4 waveguides 

 The SBS process in the weakly guiding Si3N4 waveguides is closer to the SBS in the 

fibers and results from the annihilation of a long lifetime guided photon into a Stokes shifted 

guided photon and bulk like dissipative phonon in the presence of phonons [74,136]. The 

process is initiated by thermal phonons, and as the pump power increases, the generation of 

Stokes photons generates more phonons, which further strengthens the moving grating of 

phonons, facilitating further Brillouin scattering, and hence stimulated emission. The short 

photon lifetime results in a low peak gain and a wide bandwidth Brillouin gain spectrum, 

which is responsible for linewidth suppression in the Stokes tone [1]. The pump, Stokes and 

the phonon must satisfy the momentum and energy conservation, which are given by: 

𝝎𝝎𝒔𝒔 =  𝝎𝝎𝒑𝒑 −  𝜴𝜴    and    𝒌𝒌𝒔𝒔 =  𝒌𝒌𝒑𝒑 −  𝒒𝒒 3.4 

where 𝜔𝜔𝑠𝑠, 𝜔𝜔𝑝𝑝 and 𝛺𝛺 are the frequencies and 𝑘𝑘𝑠𝑠, 𝑘𝑘𝑝𝑝, and 𝑞𝑞, are the wavenumbers of the Stokes, 

pump and the phonons respectively. Equation 3.1 is also called Brillouin phase matching 

condition and is shown in Figure 3.1 (a) shows the phase matching condition and associated 

resonator free spectral range (FSR) design, Figure 3.1 (b) shows the Brillouin process in the 

weakly confining Si3N4 waveguides. 
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Figure 3.1 Brillouin lasing overview: (a) Energy conservation, phase matching of wave vectors, 

phase matching design for resonators. (b) Schematic of guided photonic mode, un-guided bulk like 

phonons interacting to produce moving grating that produces backward propagating Stokes tone. 

 

3.2.2 Multiphysics simulation of Brillouin scattering 

 To simulate the Brillouin gain spectrum, we used finite element solvers to obtain the 

optical modes of the SBS laser resonator and then used these modes to construct 

electrostrictive forces and determine the mechanical response of the system to these time-

harmonic forces [2]. Using an argument based on the Manley-Rowe relations, we obtain the 

Brillouin gain (𝐺𝐺B(𝛺𝛺)) from the dissipated mechanical power when the system is driven by 

electrostrictive forces: 

𝐺𝐺B =  
1
𝛿𝛿𝛿𝛿
𝜔𝜔S

𝛺𝛺
1

𝑃𝑃p𝑃𝑃S
�𝑑𝑑3𝑥𝑥〈𝐟𝐟 ∙ 𝐮̇𝐮〉 3.2 

where 𝜔𝜔S and 𝛺𝛺 are the angular frequencies of the Stokes and phonon modes respectively, 𝛿𝛿𝛿𝛿 

is the length of the waveguide, 𝑃𝑃p (𝑃𝑃S) is the power in the pump (Stokes) modes used to 

construct the optical forces, 𝐮𝐮 is the elastic displacement, and 𝐟𝐟 is the electrostrictive force 

density. The dissipated mechanical power is represented here as the volume integral of the 
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time-averaged power ∫𝑑𝑑3𝑥𝑥〈𝐟𝐟 ∙ 𝐮̇𝐮〉. To obtain the electrostrictive force, the photoelastic tensor 

(𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) and the optical mode components are combined to give the ith component of the force 

density given by  

𝑓𝑓𝑖𝑖 =  
1
4
𝜖𝜖0𝜕𝜕𝑗𝑗𝑛𝑛4𝑝𝑝ijkl(𝐸𝐸𝑝𝑝,𝑘𝑘𝐸𝐸𝑆𝑆,𝑙𝑙

∗ + 𝐸𝐸𝑝𝑝,𝑙𝑙𝐸𝐸𝑆𝑆,𝑘𝑘
∗ ) 

3.3 

where 𝐸𝐸𝑝𝑝,𝑘𝑘 and 𝐸𝐸𝑆𝑆,𝑘𝑘 are the kth components of the pump and Stokes electric fields, respectively. 

In addition to providing the magnitude, bandwidth, and peak of the Brillouin gain, these 

simulations provided insights into the spectrum structure. For example, our simulations show 

that phonon interference with the air-cladding boundary explains the modulation of the gain 

spectrum with frequency, as shown in Figure 3.2. 

 

Figure 3.2 Brillouin gain simulation: (a) Mode profile of optical mode in waveguide. (b) 

Continuum of non-guided, bulk-like acoustic modes. (c) Simulated spontaneous Brillouin scattering 

spectrum. The reflection of acoustic modes from the top cladding is responsible for the smaller peaks 

in the high frequency offset tail of the Brillouin gain spectrum. 
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3.2.3 SBS lasing power dynamics 

 We use the simplified coupled mode approach to model the intracavity photon number 

dynamics and the equations of motion for the optical field amplitude are given by [139] 

𝑎̇𝑎𝑚𝑚 =  −�
𝛾𝛾
2

+ 𝜇𝜇|𝑎𝑎𝑚𝑚 + 1|2 −  𝜇𝜇|𝑎𝑎𝑚𝑚 − 1|2� 𝑎𝑎𝑚𝑚 + �𝛾𝛾𝑐𝑐𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝛿𝛿𝑚𝑚0 3.4 

where the total loss rate, 𝛾𝛾 = 𝛾𝛾𝑖𝑖𝑖𝑖 + 𝛾𝛾𝑐𝑐, is the sum of the intrinsic and coupling loss rates, μ is 

the Brillouin amplification rate per pump photon, and 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  �𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/ℎ𝑣𝑣  is the photon 

influx field amplitude. The Brillouin amplification rate μ of the SBS resonator is a function of 

Brillouin gain factor and resonator parameters, 

𝜇𝜇 =
ℎ𝜈𝜈𝑣𝑣𝑔𝑔2𝐺𝐺B

2𝐿𝐿
 

 

3.5 

where 𝐺𝐺B =  𝑔𝑔B/𝐴𝐴eff is the Brillouin gain factor, 𝑔𝑔B is the bulk Brillouin gain and L is the 

resonator roundtrip length. From equation 3.4, we can find the threshold power for S1, 

𝑃𝑃th =  
ℎ𝜈𝜈𝛾𝛾3

8𝜇𝜇𝛾𝛾c
 

3.6 

and the threshold power for S2 and S3 are  4𝑃𝑃th and  8𝑃𝑃th. 

The fundamental linewidth for S1 before its clamping is found to be, 

δν1 =
n0γ

4π|a1|2 3.7 

and it reaches its minimum at the S1 clamping point, 

𝛿𝛿𝜈𝜈1(4𝑃𝑃th) =
𝑛𝑛0𝜇𝜇
2𝜋𝜋

 
 

3.8 

where 𝑛𝑛0 =  𝑘𝑘𝑚𝑚𝑇𝑇/(ħ𝛺𝛺) is the thermal occupation number of the acoustic mode.  

The acoustic frequency is given by 

∆𝜈𝜈𝑎𝑎 =  
2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑣𝑣
𝜆𝜆𝑝𝑝

 
3.9 
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Where ∆𝜈𝜈𝑎𝑎 is the acoustic frequency, 𝑣𝑣 is acoustic velocity, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is waveguide pump mode 

effective index and 𝜆𝜆𝑝𝑝 is pump wavelength. 

As an example of the implementation of the above model, the TE0 mode case is 

calculated and simulated for λ = 674 nm with the acoustic frequency 25.110 GHz, 𝑛𝑛0 at room 

temperature is estimated to be ~1300. From the measured on-chip threshold power of 14.7 

mW, the resonator intrinsic linewidth of 8.0 MHz, the resonator coupling linewidth of 8.0 

MHz, the resonator mode area of 3.0 μm2 and the ring radius of 8.95 mm, we estimate the 

Brillouin gain rate μ to be 50.7 mHz (the corresponding Brillouin gain GB of 0.49 (W m)-1) 

using equation 3.3 and equation 3.4 and the minimal fundamental linewidth of S1 to be 2.0 

Hz using equation 3.5, shown in Figure 3.2. This estimated Brillouin gain GB of 0.49 (W m)-

1 is close to the simulated GB of 1.03 (W m)-1 at the Brillouin shift frequency of 25.036 GHz 

(imperfectly aligned FSR from the Brillouin shift of 25.11 GHz) from the full COMSOL opto-

mechanics simulation in Figure 3.3, showing a rough agreement between experiment and 

physics simulation. The theoretical S1 threshold of 7.0 mW assuming our simulated 𝐺𝐺𝐵𝐵 of 

1.03 (W m)-1 is also close to the measured threshold of 14.7 mW. 

Slope efficiency is defined as the fraction of pump photons converted to Stokes 

photons above the threshold. By modeling the laser emission, we find that the conversion 

efficiency, defined as the ratio between the S1 output power and pump power, is 

𝜂𝜂 = 2 �
𝛾𝛾c
𝛾𝛾
�
2
 

3.10 

where 𝛾𝛾c is the bus-ring coupling loss rate and 𝛾𝛾 = 𝛾𝛾in + 𝛾𝛾c is the total loss rate (sum of the 

coupling rate and waveguide loss rate). This means that the slope efficiency is 50% in 

critically coupled resonators, and any deviation from critically coupled towards undercoupled 

(𝛾𝛾𝑖𝑖𝑖𝑖 > 𝛾𝛾𝑐𝑐) will decrease the slope efficiency for all pass ring resonators like ours. The slope 
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efficiency can be increased by designing overcoupled resonators (𝛾𝛾𝑖𝑖𝑖𝑖 < 𝛾𝛾𝑐𝑐) at the cost of 

increased threshold power (equation 3.6) for lasing. Thus, we chose critically coupled 

resonators as a compromise between the threshold and slope efficiency for SBS lasing in an 

all pass resonator. 

 

 

Figure 3.3 SBS lasing Stokes power and FLW modelling: (a) Modeled Stokes power for on-chip 

power in the range of 0-150 mW. (b) Simulated fundamental linewidth of the first Stokes tone as a 

function of on-chip power, assuming no crosstalk from the pump. The fundamental linewidth 

decreases until the S2 threshold is reached. 
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3.3 SBS in TE0 mode waveguides 

3.3.1 Spontaneous Brillouin gain spectrum measurement  

To measure the spontaneous Brillouin scattering, we used the experimental setup 

shown in Figure 3.4 (a). A 15 mW λ = 674 nm (free space) cavity-stabilized laser was passed 

through a tapered semiconductor optical amplifier, providing 120 mW of in-fiber power. 

Figure 3.4 (b) shows the coupling of 674 nm pump light into our 2 m spiral. After facet and 

fiber losses, the pump power injected into the spiral was reduced to ~30 mW. The 

backscattered light from the chip passes through a circulator used to recover spontaneously 

scattered Stokes light, where it is mixed with the pump laser on a fast photoreceiver for 

heterodyne detection. The detected signal was amplified and measured using an electronic 

spectrum analyzer (ESA).  

The spontaneous Brillouin scattering measurements and simulations are shown in 

Figure 3.4 (c). Owing to the small amplitude of the spontaneous scattering signal, systematic 

effects within the apparatus must be carefully removed. The background of the apparatus was 

characterized by performing measurements at low optical powers, where Brillouin scattering 

was strongly suppressed. The difference between the spectra measured at high powers, where 

Brillouin scattering is appreciable, and the apparatus background isolates the scattered signal 

(Figure 3.4 (c)). We first measured the signal from the spiral chip, which showed prominent 

Brillouin peaks, and then repeated the measurement at the same power, but with the chip 

removed. In addition, an average of over 20 ESA traces was used to reduce the measurement 

noise. A prominent peak is observed near 24.8 GHz, which is produced by the optical fiber, 

whereas the observed peak at 25.11 GHz closely matches the simulated spontaneous Brillouin 
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spectrum. We attribute the high degree of skewness of spontaneous scattered spectrum 

towards high frequencies to unguided acoustic waves coupling into the silica cladding, which 

is consistent with simulations.  

 

Figure 3.4 Waveguide design and 674 nm spontaneous Brillouin measurement: (a) 2 meter 

single mode waveguide spiral used for the spontaneous Brillouin gain measurement. (b) Photograph 

of the actual 2 meter spiral shown while illuminated with 674 nm light. A 5 mm scale is shown for 

reference. (c) Measured and simulated spontaneous Brillouin gain with a 25.110 GHz first order 

Stokes (S1) frequency shift, 2.73 (W m)-1 gain peak, and 290 MHz bandwidth. The resolution 

bandwidth (RBW) of electrical spectrum analyzer (ESA) was set at 100 Hz. The measured blue 

curve shows the Brillouin contribution from both the fiber and silicon nitride waveguide, while the 

grey trace shows contribution from only the fiber, which confirms that the peak at 25.110 GHz is due 

to the waveguide spontaneous Brillouin scattering. 
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3.3.2 SBS resonator design 

 The SBS laser resonator is based on an ultra-low loss single mode Si3N4 core and SiO2 

cladding waveguide that is designed to operate at 674 nm and 698 nm. The waveguide consists 

of a 20 nm tall and 2.3 μm wide silicon nitride core deposited and etched on a lower thermally 

grown oxide cladding on a silicon substrate, with a TEOS-PECVD deposited upper 

cladding [88] (cross-section shown in Supplementary Fig. 4), and a final two-step annealing 

at 1050 °C for 7 h and 1150 °C for 2 h, which is the optimized annealing process for our 

waveguides. To maximize the spontaneous Brillouin signal, a 2 meter on-chip, in-out spiral is 

fabricated with ~ 1 dB/m loss and the extremely small ~10−12 𝑊𝑊 (spectrum analyzer 

resolution bandwidth of 100 Hz) spontaneous Brillouin signal is measured to obtain the exact 

Brillouin gain spectrum at 674 nm. 

 The SBS resonator is designed to phase-match with the Brillouin gain peak. The SBS 

laser resonator has R = 8.9509 mm for 674 nm and R = 9.4268 mm for a 698 nm bus-coupled 

ring structure with a free-spectral range (FSR) designed to be 1/7 of the measured 25.110 GHz 

peak Stokes shift at 674 nm (Figure 3.5) and a bus-to-ring power coupling coefficient [74] к2 

of ~1.5%. The ring is designed to have multiple FSRs per Brillouin Stokes frequency shift to 

facilitate the alignment of the Stokes shift and cavity resonance, increase the cavity volume, 

and provide robustness to fabrication variations [74]. A high intrinsic Q of 55.4 million and 

loaded Q = 27.7 million at 674 nm were achieved (Figure 3.5), and the coupling coefficient 

was also measured independently with coupling coefficient test structures. These devices were 

fabricated on a 4” wafer at UCSB cleanroom.  
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Figure 3.5 Stimulated Brillouin scattering (SBS) resonator design, FSR and quality factor: (a) 

Measured resonator free spectral range (FSR) = 3.577 GHz at 674 nm for the R = 8.9509 mm, image 

of device coupled with laser in the inset. (b) Quality factor (Q) measurement (red trace) performed 

using radio frequency (RF) calibrated unbalanced Mach-Zehnder interferometer (MZI) (blue trace). 

The full width at half maximum (FWHM) linewidth = 16.1 MHz loaded Q = 27.7 million and 

intrinsic Q = 55.4 million and loaded Q = 27.7 million at 674 nm. 

 

 

3.3.3 SBS laser characterization 

The SBS laser resonator is pumped by an off-chip tapered optical amplifier (TA) that 

is seeded with 674 nm light from a continuous-wave (CW) external-cavity diode laser. The 

TA output was coupled to the waveguide SBS resonator using a high-power fiber circulator. 

A maximum of ~35 mW on-chip power is delivered to the waveguide bus, limited by a 180 

mW TA maximum output power and ~4 dB fiber-to-facet coupling loss. The backward-

propagating S1 signal was measured using a 3-port fiber optic circulator. The measured and 

simulated S1 powers are plotted against the pump power in Figure 3.6 (a). A clear S1 threshold 

was observed for an on-chip pump power of 14.7 mW corresponding to a threshold density of 
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4.92 mW μm-2, and a 45% slope efficiency was measured, which is in good agreement with 

our SBS model [139].  

In addition to verifying the laser threshold, a decrease in the S1 emission linewidth as 

the pump power is increased from below the threshold, through the threshold, and above the 

threshold [74,140] has been demonstrated to verify SBS lasing. Below the threshold, the 

optical power spectrum was measured using a heterodyne beat note produced by mixing the 

backward-propagating S1 with the pump on an ESA. To minimize the contribution of the 

pump linewidth to the measured beat note, the pump laser was locked into a commercial high-

finesse ultra-stable cavity (Stable Laser SystemsTM). Well below threshold Figure 3.6 (b) (i), 

the scattered light is produced by uncorrelated spontaneous scattering from thermal phonons 

and is linearly filtered by the cavity resonance which is approximately 16.1 MHz. As threshold 

is approached, the spontaneous emission spectra, point (ii) in Figure 3.6 (b), measures FWHM 

at 12.0 MHz, indicating the onset of stimulated emission, since the emission spectra is 

narrower than the cold-cavity resonance FWHM. 

At just above threshold Figure 3.6 (b) (iii), a dramatic 100x narrowing of the linewidth 

to 120 kHz as stimulated Brillouin scattering dominates the emission is observed. At all points 

above the threshold, the frequency noise of S1 was measured using an optical frequency 

discriminator (OFD), as shown in Figure 3.6 (e). The fundamental linewidth (∆𝜈𝜈) is 

defined  [74,130] as the far-from-carrier white frequency noise floor, in Hz2Hz-1, multiplied 

by 𝜋𝜋. In Figure 3.6 (c), the noise floor for each pump power input is indicated by horizontal 

dashed lines (iii) – (vi). As the pump power increases beyond S1 threshold, the fundamental 

linewidth drops dramatically from 1.1 kHz (iv) to 269.7 Hz (vi). These linewidth results are 
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summarized in Figure 3.6 (d), indicating the integral linewidths for points (i) – (ii) below the 

threshold and the fundamental linewidths for the frequency noise curves in (iii) – (vi) in Figure 

3.6 (c). We were not able to provide the required on-chip pump power, 59.4 mW, to achieve 

lasing of the second-order Stokes (S2) for these TE0 mode SBS lasers. 

 

Figure 3.6 674 nm TE0 SBS laser measurements: (a) pump optical on-chip power (Pon-chip) vs. 

first-order Stokes (S1) signal power. The measured S1 laser threshold was 14.7 mW, corresponding 

to a threshold density of 4.92 mW μm-2 and a 45% slope efficiency. Modelling the S1 optical power 

(black dots) accurately predicts the measured S1 optical power as the pump power is increased from 



 

66 
 

below to above the threshold. The predicted second-order Stokes (S2) threshold is ~60 mW (yellow 

dots). (b) Measurement of S1 emission linewidth plotted on a logarithmic scale, below the threshold 

(blue trace), just below the threshold (brown trace), and just after the threshold (green trace). The 

Brillouin emission linewidth evolves from a spontaneous dominated linewidth of 16.5 MHz, which is 

approximately the SBS gain filtered by the cold-cavity resonator linewidth of ~16 MHz, to the onset 

of stimulated Brillouin, measuring a 12 MHz linewidth just below threshold, to a stimulated 

dominant 120 kHz linewidth just above threshold. The resolution bandwidth (RBW) of the electrical 

spectrum analyzer (ESA) was set to 1 kHz. (c) Frequency noise measurements of S1 using a radio 

frequency (RF) calibrated fiber optic Mach-Zehnder interferometer (MZI) frequency discriminator. 

The S1 emission fundamental linewidth for each pump input condition, shown in (c), is indicated by 

the corresponding horizontal dotted line. The free-running pump frequency noise (purple trace) 

corresponds to an unlocked pump (i.e., not locked to the stable cavity or SBS resonator). As the 

pump is increased, a decrease in fundamental linewidth (curves ii to v) is measured. Since the back 

reflected pump is not optically filtered before frequency noise discrimination, there is a pump noise 

contribution to the measured frequency noise of S1. Just above the threshold, the conversion from 

pump to S1 is low, and the white noise floor at the 16 mW pump (green) is a combination of pump, 

S1, and their beat note. As the on-chip pump power (Pon-chip) is increased, the intra-cavity S1 

photon number increases while the pump signal is depleted and decreases to below 10 dB of the 

Stokes for all other FN traces. (d) Summary of beat note and fundamental linewidths from (b) and 

(c). (e) OFD setup schematic used for FN measurements.  

 

Demonstration of 698 nm SBS lasing. A 698 nm SBS resonator using the same 674 nm 

waveguide design and geometry, with modifications to the FSR and bus-ring coupling gap. 

At 698 nm, our multiphysics simulation predicts a 24.243 GHz Stokes shift and 300 MHz 

Brillouin gain bandwidth (Figure 3.7 (a)). A wavelength of 698 nm was selected to match the 

neutral Sr atom clock transition. As with the 674 nm laser, the FSR is designed to be one-

seventh of the S1 frequency shift, resulting in a 9.4 mm radius resonator design. A 3.4 μm 

bus-ring coupling gap was chosen to operate the resonator in the under-coupled regime with 

a power coupling coefficient of ~1%. For the fabricated devices, we measure a 12.7 MHz 

cavity resonance width, a 60 million intrinsic Q, a 33.8 million loaded Q, and a 3.421 GHz 
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FSR shown in Figure 3.7 (b) and Figure 3.7 (c). Lasing at S1 was observed by pumping the 

cavity with a Ti: sapphire laser at the expected pump-Stokes frequency offset, as shown in 

Figure 3.7 (d). The observed pump is a reflection from the resonator far facet. A pump-S1 

heterodyne 23.892 GHz beat note is measured as shown in Figure 3.7 (d) inset. The 351 MHz 

beat note offset from our simulated shift is most likely due to the slight offset between the 

Brillouin gain peak and the narrow cavity resonance. The pump laser is free running (i.e., 

stabilized neither to the resonator nor to a reference optical cavity), and the beat note drifts on 

the order of 100 kHz over tens of milliseconds. The on-chip pump power was 108 mW and 

the measured on-chip pump threshold power (Pth) was ~ 75 mW. 

 

Figure 3.7 698 nm TE0 SBS laser measurements: (a) Multiphysics simulation of waveguide 

spontaneous Brillouin gain spectra for the pump at 698 nm. The Brillouin gain spectrum width is 

~300 MHz and the Stokes frequency shift is 24.243 GHz. (b) The measured full width half 

maximum (FWHM) resonator linewidth at 698 nm is 12.7 MHz and the measured intrinsic and 
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loaded Qs are 60 million and 33.8 million, respectively. (c) The resonator free spectral range (FSR) 

at 698 nm was measured as 3.421 GHz by applying sidebands at 1.4645 GHz. (d) First-order Stokes 

(S1) and pump measured on an optical spectrum analyzer (OSA); the inset shows the pump-S1 beat 

note measured at 23.892 GHz on an electric spectrum analyzer (ESA). The inset on the left shows 

the 9.4 mm radius resonator fiber-coupled with 698 nm pump laser light. 

 

 

3.4 SBS in TM0 mode waveguides 

3.4.1 SBS resonator design 

Low sub-dB/m loss TM0 mode waveguides are used to design lower-threshold visible 

SBS lasers so that they can reach the S2 threshold pump power easily, providing the narrowest 

linewidth possible in a cascaded SBS laser (Figure 3.3 (b)). The FSR was chosen such that 3x 

FSR = Brillouin gain shift for 674 nm and 698 nm. For 780 nm, two sets of resonators were 

designed: one with a 3x FSR = Brillouin gain shift and one with 4x FSR = Brillouin gain shift. 

To achieve high success of SBS lasing in a single fabrication run, four resonators with slightly 

offset FSRs were designed so that phase matching can be achieved without the measurements 

of spontaneous Brillouin scattering, as shown in Figure 3.9 (a). This was also important 

because the pump lasers at 674 nm and 780 nm did not have sufficient tuning to measure the 

FSR of the small SBS rings with FSRs > 8 GHz, and the group index was roughly calibrated 

by measuring the FSR of coil resonators fabricated in a different fabrication process. The 674 

nm and 698 nm resonators were also designed with two different coupling schemes: point 

couplers and two-point couplers. Point couplers provide the simplest design but can only 

provide a fixed ring-bus coupling, and the fabrication can vary the coupling compared to the 

simulation owing to changes in the indexes, film thicknesses, and waveguide shrinkage. The 
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Q measurements are described in Section 2.3.4. The two-point coupler SBS resonators are 

designed with coupler FSR = 4x Brillouin gain shift so that the S2 coupling will be around the 

coupling maxima and possibly suppress cascading by increasing the S2 threshold, with the 

maximum coupling designed to be ~ 50 MHz. Figure 3.8 shows the different designs for the 

SBS laser, single-ring bus, single-ring bus with included filter ring that can be used to filter 

out the reflected S1 from the back-reflected pump and eliminate the need for the circulator, 

two-point coupler resonator, and two-point coupler with a filter ring. 
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Figure 3.8 Different TM0 SBS laser designs: (a) The simplest design with a through-bus ring 

resonator requires an external circulator to separate the S1 tone. (b) A 2-point coupler through a 

resonator allows for fine-tuning of coupling and requires an external circulator. (c) Through ring 

with single-ring add-drop filter to separate S1 without requiring the external circulator; the filter ring 

has a different FSR than the SBS ring so that the pump is not resonant, but the Stokes tone is 

resonant. (d) 2-point coupled SBS resonator with a filter. All the above can also have metal tuners on 

the SBS ring itself for the modulation of the SBS laser. 

 

674 nm: The calculated Brillouin shift is 25.7 GHz for the TM0 mode with the cross-

section described in Section 2.3.1. The rings were designed such that the 3 × FSR matches the 

Brillouin frequency shift. The designed radii for the rings are R1 = 3.73 mm, R2 = 3.68 mm, 

R3 = 3.64 mm, and R4 = 3.6 mm. The 3x FSRs for these rings are R1 = 25.2 GHz, R2 = 25.5 

GHz, R3 = 25.8 GHz, and R4 = 26.1 GHz. The assumed loss for these devices to design the 

coupling is 4.5 MHz, but considering these were fabricated in UCSB cleanroom where 

particles and variations are more than CMOS process, the couplings are set at R1 = 6 MHz, 

R2 = 9 MHz, R3 = 350 MHz and R4 = 4.5 MHz with R3 designed as 2 point coupler, targeting 

critically coupled operation. R2 was also designed to have a single ring add drop filter with a 

radius of 3 mm and couplings of 350 MHz for both the add and drop ports. The measured loss 

in these rings is much higher than expected, more than double the expected value (from CMOS 

run) at 1.6 dB/m, Figure 3.9 (e)), increasing the SBS lasing threshold by a factor of four from 

ideal. 

698 nm: The calculated Brillouin shift is 24.9 GHz for the TM0 mode with cross section 

described in section 2.3.1. The rings were designed such that the 3 × FSR matches the 

Brillouin frequency shift. The designed radii for the rings are R1 = 3.82 mm, R2 = 3.79 mm, 

R3 = 3.76 mm, and R4 = 3.72 mm. The 3x FSRs for these rings are R1 = 24.5 GHz, R2 = 24.7 
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GHz, R3 = 24.9 GHz, and R4 = 25.1 GHz. The assumed loss for these devices to design the 

coupling is 4.5 MHz, but considering these were fabricated in UCSB cleanroom where 

particles and variations are more than CMOS process, the couplings are set at R1 = 6 MHz, 

R2 = 50 MHz, R3 = 50 MHz and R4 = 4.5 MHz with R2 and R3 designed as 2 point coupler, 

R1 and R4 targeting critically coupled operation. R2 and R3 were designed to have a single 

ring add-drop filter with a radius of 3 mm and couplings of 500 MHz for both add and drop 

port. The measured loss in these rings is slightly higher than expected from CMOS run at 0.76 

dB/m, Figure 3.9 (d), increasing the SBS lasing threshold by a factor of ~2 from ideal. 

780 nm: The calculated Brillouin shift is 21.8 GHz for the TM0 mode with cross section 

described in section 2.3.1. Two rings are designed such that the 3 × FSR matches the Brillouin 

frequency shift and the other two such that the 4 × FSR matches the shift. The designed radii 

for the rings are R1 = 5.84 mm, R2 = 5.8 mm, R3 = 4.41 mm, and R4 = 4.33 mm. The 4x / 3x 

FSRs for these rings are R1 = 21.7 GHz, R2 = 21.85 GHz, R3 = 21.55 GHz, and R4 = 22 

GHz. The assumed loss for these devices to design the coupling is 3-4 MHz, and they were 

fabricated in the CMOS process, 3-4 MHz without a large split. The measured loss in these 

rings is record low loss and as expected from the CMOS run at 0.36 dB/m, Figure 3.9 (b). The 

availability of a frequency doubled widely tunable laser also enabled FSR measurement at 

780 nm, which was not possible with the 674 nm and 698 nm SBS resonators. The measured 

FSR of R1 is shown in Figure 3.9 (c) at 5.52 GHz which gives a 4x FSR at 22.08 GHz. Since 

it is offset from designed FSR, multiple rings splits show the benefit with R3’s measured 3 x 

FSR = 21.75 GHz matches well with the Brillouin gain offset. In addition, these SBS lasers 

operate at a bandwidth of over 6 nm with a reasonable threshold owing to the broad Brillouin 
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gain spectrum, enabling coverage of the relevant Rb wavelengths, such as 778 nm, for two 

photons with R1 having a lower threshold at 778 nm. 

 

 

Figure 3.9 SBS resonator design and characterization: (a) Splits of resonator for 

fabrication robust phase matching (b) 780 nm SBS resonator with Qi = 145 M, Ql = 65 M, loss 

0.36 dB/m (c) Measured FSR for R3 780 nm SBS resonator at 5.52 GHz (d) 698 nm SBS 
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resonator with Qi = 73 M, Ql = 37.3 M, loss 0.76 dB/m (e) 674 nm SBS resonator with Qi = 40 

M, Ql = 16 M, loss 1.6 dB/m. 

 

 

3.4.2 SBS laser characterization 

The resonator is coupled to cleaved fibers with a ~ 3.5 dB/facet fiber-chip coupling 

loss. A commercial pump laser was used for pumping, and at 674 nm and 780 nm, a tapered 

amplifier was used to boost the pump power. The pump was PDH locked to the resonator 

quadrature point, and the on-chip pump power was varied to obtain the threshold, Stokes 

power, FLW, and frequency noise (FN). Figure 3.10 shows the common setup schematics 

used for the measurements. All three wavelengths showed significant FLW reduction and ~ 

20x integral linewidth reduction. Moreover, different pump designs were used to observe the 

SBS, demonstrating the robustness of SBS operation.  

 
Figure 3.10 SBS characterization schematic: An optical spectrum analyzer is used to measure 

the Stokes power and threshold, and an OFD is used to measure the FN, similar to the TE SBS. 

 
674 nm: A commercial Littrow cavity laser was amplified using a tapered amplifier (both 

MogLabsTM), providing up to 120 mW pump power to the resonator. The 674 nm SBS shows 

the highest threshold at ~ 10 mW owing to high losses of 1.8 dB/m which are ~ thrice the 
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expected losses. This high loss might be due to more particles in the UCSB fabrication run or 

the core thickness being slightly thinner, resulting in a higher critical bend loss and, hence, a 

bend loss contribution. The slope efficiency of the SBS laser was ~ 14% with an on-chip 

power S1 power below the S2 threshold of 4.2 mW, and the facet loss was 4 dB/facet. The 

fundamental linewidth shows a reduction of 3700 times, whereas the 1/π reverse integral 

linewidth (1/π ILW) shows a ~ 20x reduction. 

 

Figure 3.11 674 nm TM0 SBS measurements: (a) S1 power vs. on-chip power showing a 10 

mW threshold, inset shows the SBS ring at low pump power. (b) OFD FN traces of the pump and S1 

with the S1 pump power ~ 40 mW, right below S2. S1 demonstrates over three orders of magnitude 

of FLW reduction, which is close to the Schawlow Townes limit of these resonators at ~ 6 Hz. The 

integral linewidth was also reduced by more than an order of magnitude. 

 

698 nm: A commercial cateye external cavity laser was used as the pump (MogLabsTM 

CTL), providing up to 14 mW of pump power to the resonator, as there was no TA, SOA, or 

injection lock (IL) diode available for boosting power. The 698 nm SBS shows threshold at ~ 

6.7 mW which is higher than calculated 3 mW, possibly due to higher than expected losses 

and imperfect phase matching Brillouin gain peak. The slope efficiency of the SBS laser is ~ 

30 % with a maximum on-chip power S1 power 2 mW with a 14 mW pump, as shown in 
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Figure 3.11 (a), with facet loss at 2 dB/facet. The SBS is verified on the OSA with the SBS 

peak at ~ 24.5 ± 1 GHz, with resolution limited by the OSA (Figure 3.12 (b)). The pump-back 

reflection was suppressed by over 15 dB from S1. Another method adopted to observe SBS 

lasing is to ramp the laser over the resonance at 12.5 a of pump power. As the laser entered 

the hot resonance, an asymmetric resonance was observed. Observing the back reflected 

power simultaneously on the scope, a sharp change is observed in the back reflected signal, 

as shown in Figure 3.12 (d), as the Stokes power is higher than that of the back reflected pump. 

 

Figure 3.12 698 nm TM0 SBS threshold and stokes power: (a) The resonator used for SBS 

lasing. (b) Stokes power vs the pump power with threshold of 6.6 mW and maximum on chip 

pump power of 14 mW yielding a S1 of ~ 2 mW. (c) OSA trace of the stokes and back reflected 

pump showing the brillouin shift. (d) Laser ramp over the resonance also demonstrating the 

thresholding behavior as there is jump in backpropagating power with the onset of S1 lasing in 
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the resonator. If the pump power is increased above the S2 threshold, another slope change 

would have been observed as the onset of S2 clamps the S1 power. 

 

The noise dynamics of the SBS laser were characterized by performing OFD and were compared to the 

simulated noise dynamics. The OFD is measured with increasing pump power, as shown in Figure 3.13 (a), and 

exhibits the expected increase in suppression with increasing pump power [1,7,74,139]. The measured 

fundamental linewidth from the FN measurements matches well with the simulated fundamental linewidth as a 

function of pump power, as shown in Figure 3.13 (b). The FLW suppression in the Brillouin laser is 

570 x with a minimum FLW achieved at 7.8 Hz at 14 mW of pump power, at higher pump 

power, the FLW is expected to keep going down to a Schawlow Townes linewidth of 4 Hz, ~ 

1000 x reduction from the pump. The SBS laser also exhibits over 10x reduction in the ILW. 

 

Figure 3.13 Frequency noise dynamics of 698 nm TM0 SBS laser: (a) OFD FN at different on 

chip pump powers showing expected behavior of decreasing FN (and greater noise suppression from 
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pump) as the on chip pump power is increased. (b) Measured and simulated FLW as a function of 

pump power showing excellent agreement. (c) The best FN plotted with the free running pump and 

the pump locked to SBS ring resonator when pumping SBS, on right shows the resonator at low 

pump power. 

 

780 nm: This study demonstrates the first cascaded emission in a near-visible integrated 

SBS resonator. A commercial 780 nm DBR semiconductor laser (PhotodigmTM mercury 

package laser) with a tapered amplifier was used to pump the laser to the threshold and into 

cascaded mode operation, as shown in Figure 3.14 (a). First, resonator R1 was tested (5.84 

mm radius). The pump is PDH locked to the resonator quadrature point and on-chip pump 

power varies from 0.4 mW to 34 mW. The Stokes power vs. input pump power for the first 

three Stokes orders is plotted in Figure 3.14 (a), with the S1 threshold measured at 3 mW, the 

S2 threshold at 12 mW, and the S3 threshold at 22 mW, and each order clamps at the onset of 

the next higher-order threshold. The spectrum of light reflected from the resonator is observed 

on an optical spectrum analyzer (OSA) at different pump power values (Figure 3.14 (b)) with 

the counter-propagating odd number Stokes tones S1 and S3 as prominent peaks and the 

reflection from the far side of the chip of forward propagating S2 as a small peak. The 

Brillouin gain shift was measured at ~22 ± 1 GHz, limited by the OSA resolution, which 

matches well, within 1%, from the calculated Brillouin gain offset. Another frequency 

doubled pump laser amplified with an SOA is used to test the threshold of R1 ring over 6 nm 

of bandwidth and shows only marginal increase in threshold and operates with < 1.6 mW 

threshold for S1 over entire S1 with a minimum threshold of 0.8 mW obtained at 776.9 nm, 

Figure 3.14 (e). The lower threshold at approximately 777 nm indicates better phase matching 

for resonator R1 at the shorter wavelength of 777 nm. We also measure the threshold of the 
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smaller ring R3 (R = 4.4 mm) and find its threshold to be 0.8 mW at 780 nm, demonstrating 

the first sub mW integrated SBS laser near visible, Figure 3.14 (c) and (d). 

 

Figure 3.14 780 nm SBS measurements: (a) R1 ring Stokes power as the pump power is 

increased for cascaded emission at 780 nm. (b) OSA traces corresponding to powers in a for R1. (c) 

R3 ring Stokes power and pump power at 780 nm. (d) OSA traces corresponding to powers in c for 

R3. (e) Wavelength sweep demonstrating wide bandwidth operation of a single SBS ring resonator 

with < 3 dB change in threshold, with the 4 rings, a much wider tunable bandwidth can be achieved 

on the same mask. (f) Fabricated device with 4 SBS resonators. 
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The Frequency noise of S1 was measured immediately below the S2 threshold pump 

power. In the case of 780 nm, unlike the 674 nm and 698 nm resonators, a tight PDH lock is 

performed for the pump to the SBS resonator exhibiting ILW reduction. The SBS further 

reduced the ILW and provided a narrow FLW of 19 Hz. The Schawlow Townes linewidth of 

this resonator is at ~ 0.6 Hz but that cannot be achieved with the current pump as the measured 

suppression factor of over 2500 for TM SBS is close to theoretical suppression factor of 

(1+300/6)2 ~ 2600 possible for these resonators, Figure 3.15. 

 

Figure 3.15 Frequency Noise of 780 nm TM0 SBS: Comparison of the FN of the 780 nm free 

running pump, pump PDH locked to the SBS ring for pumping SBS and S1 pumped by the tightly 

locked pump to the SBS ring. 
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3.5 Conclusion 

This chapter demonstrates visible light SBS lasers and the measurement of Brillouin 

gain in a waveguide photonic integrated circuit. The 674 nm laser is designed to serve as a 

low phase noise “direct-drive” chip-scale source that can couple directly to the 88Sr+ ion clock 

and qubit transition, 698 nm for the 87Sr clock transition and 778 nm for 87Rb two photon 

clock transition without the need for intermediate frequency doubling and has wide 

application to other visible light ultra-low phase noise applications including quantum and 

precision metrology. The bus-coupled ring laser design produces Brillouin linewidth 

narrowing in the visible region by operating in the regime of a long photon lifetime, short 

phonon lifetime, large cavity volume, and long resonator decay time. To meet these lasing 

requirements, prior limitations are overcome, and advances in visible light photonics are 

required, including low waveguide losses and high resonator intrinsic Qs, in large mode 

volume and low Schawlow Townes limit resonator-based SBS lasers [139]. Laser frequency 

noise sources include SBS fundamental noise [130], intrinsic noise of the SBS cavity, noise 

coupling from the backscattered pump, technical noise sources in the pump laser and SBS 

resonator, and pump amplitude-to-phase noise conversion. These noise sources can be 

reduced by locking the resonator, pump laser, or modulated S1 emission to an optical 

reference cavity [135]. Combining these advances with the results reported here shows 

promise for visible laser linewidth and stability for precision applications that normally 

require tabletop laser systems. Using this laser design, SBS lasing can be achieved at other 

visible wavelengths by making mask-only changes to the pump source. To illustrate this 

versatility, we demonstrate lasing at 698 nm, a wavelength suitable for probing long-lived 

transitions in 87Sr, and 778 nm for 87Rb.  
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To improve the SBS laser efficiency and further reduce the linewidth, simulations 

showed that improvements can be made with closer FSR matching to the Brillouin gain peak 

shift. Calculations predict a factor of 2x reduction threshold for the 674 nm and 698 nm TM0 

SBS thresholds, as well as higher S1 optical output power. FSR optimization can be achieved 

by adjusting the SBS cavity using waveguide tuning utilizing the thermal [141] and 

piezoelectric [142] techniques.  With the continued increase in the S1 photon number up to 

the S2 threshold and with pump filtering, the fundamental linewidth can be reduced to ~ 2 – 

4 Hz, which is the Schawlow-Townes limit of these resonators. Further improvements will 

require lowering the visible light loss by exploring additional silica deposition processing 

techniques [24], larger-volume SBS resonators, and different waveguide modes for lasing. 

Other possible improvements to further reduce the linewidth include modulating the laser 

resonator with grating or photonic molecules, splitting the second-order Stokes (S2) 

resonance, preventing S2 emission, and further increasing the S1 optical power [139]. Given 

the transparency and bandgap of the silicon nitride core and the low loss achievable down to 

~405 nm, this platform can support a wide range of SBS photon-phonon interactions and, as 

such, wavelengths for a variety of atomic and molecular transitions. Future work can 

demonstrate this design across a broad range of silicon nitride waveguide transparencies (e.g., 

Yb @ 578 nm, Ca + @ 729 nm) and waveguides with a higher bandgap that can support the 

UV (e.g., Al+ 267.4 nm). 
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Chapter 4: Coil resonator stabilization cavities 

 

4.1 Introduction 

Stabilized lasers are critical for applications that demand low laser phase noise and 

high carrier stability, including atomic clocks [15], microwave photonics [143,144], quantum 

applications [145–147], as discussed in Chapter 1 and energy-efficient coherent 

communications systems [148]. Lasers with integral linewidths below 1 Hz and Allan 

deviations greater than 10−16 over ∼1 s have been realized using Pound–Drever Hall (PDH) 

locking to ultra-stable optical cavities [4,61,105,149]. This level of performance is achieved 

with tabletop, vacuum-cavity, cryogenic, ultrahigh finesse resonators that employ 

sophisticated mirror and athermal designs, and other features to mitigate intrinsic thermal 

fluctuations [62,150]. Translating the qualities of these systems to a photonic integrated, 

CMOS compatible, wafer-scale platform will enable new generations of precision portable 

applications, as well as systems-on-chip integration [107].  

Progress towards miniaturization of PDH-locked stabilized lasers has centered mainly 

on bulk-optic reference cavities and a limited number of integrated cavities. Centimeter-scale 

whispering gallery mode (WGM) resonators have yielded a fractional frequency noise (FFN) 

stability of 6 × 10−14 at 100 ms in a thermally and acoustically isolated vacuum 

enclosure [151]. Injection locking a diode laser to a crystalline WGM resonator achieves a 

sub-100 Hz integral linewidth and an FFN stability of 4.2 × 10−13 at 10 ms [152], which 

requires a glass coupling prism for fiber-to-resonator power coupling and a hermetic package 

to reduce environmental thermal noise. A fused silica microcavity stabilized a semiconductor 
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laser to a 25 Hz integral linewidth and an FFN stability of 1 × 10−13 at 20 ms [9,153]. In 

general, it is desirable to increase the optical mode volume to reduce various intrinsic thermal 

noises that scale inversely with the mode volume [3,151,154–156]. The stabilization of a fiber 

laser to a deep-etched silica waveguide spiral resonator yielded a linewidth of 4 × 10−13 at 0.4 

ms and of the order of 100 Hz linewidth [3]. However, novel approaches that are less 

environmentally sensitive and wafer-scale CMOS compatible are critical. Recent CMOS 

compatible, silicon nitride resonators achieved a 1/π -linewidth reduction from 3.66 kHz to 

292 Hz and a carrier stability of 6.5 × 10−13 at 8 ms [155]. Microfabricated compact cavities 

have been demonstrated more recently as scalable high-finesse cavities; however, these 

require bulk optics processing steps for thin film coatings for reflection and are not compatible 

with CMOS fabrication  [157,158]. 

This chapter reports photonic integrated laser stabilization achieved by locking 

semiconductor lasers in O-bands and in visible to photonic integrated coil resonators. The 

visible and 1319 nm coil resonators employ 3.0 m and 4.0 m long coils, significantly lowering 

the cavity-intrinsic thermorefractive noise (TRN) over other designs  [156] as well as 

susceptibility to photothermal noise induced fluctuations. The visible coil resonator has two 

designs: a lower Q TE0 mode resonator at 674 nm with measured Ql = 20 × 106, Qi = 40 x106 

and FSR = 67.4 MHz and the TM0 mode high Q resonator with measured Ql = 58.5 x 106, Qi 

= 93.2 x106 and FSR = 65.5 MHz. The TM0 mode coil also performs well at longer red 

wavelengths with measured Ql = 43.4 x 106, Qi = 100 x106 and FSR = 66.9 MHz at 698 nm, 

and has a mode volume of ~ 5 × 106 μm3. The 1319 nm coil resonator measures a FSR = 

48.9 MHz, Qi = 142 x 106, Ql = 71 x 106, and ∼ 1 × 108 μm3 mode volume. The large mode 

volume, 3 m length resonator is used to PDH lock a commercial 674 nm laser demonstrating 
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a 4.2 kHz 1/π integral linewidth, an 8.8 kHz β-separation linewidth, and an Allan deviation 

(ADEV) of 3.5 x 10-12 at 20 ms and a 4 orders magnitude noise suppression at low frequencies. 

The coil resonator has an intrinsic Q of 40 × 106 and a 70 MHz FSR. The locked noise 

performance, which is currently limited by resonator Q and gain saturation, can be reduced 

toward its TRN-limited linewidth in the visible coil of 12 Hz using further waveguide loss 

reduction techniques [13, 9] or using an SBS laser as the pre-stabilization cavity. These long, 

ultra-low loss waveguides can also be used for other applications such as delay lines, extended 

cavities of external cavity lasers, and Mach–Zehnder modulators. The performance of the O-

band is limited owing to drift and reaches the TRN floor at 1–50 kHz frequency offsets. Parts 

of this chapter were adapted with permission from our previous publications  [59,159]. 

 

 

4.2 CoilR design 

 The low-loss dilute-mode waveguides described in Chapter 2 have inherent 

advantages for low TRN operation as the mode areas are quite large compared to tightly 

confining and moderately confining waveguides; for example, the mode area of a 674-698 nm 

waveguide is 3 μm2, while for O-band devices it is 30 μm2, while moderately confining 674 

nm has ~0.3 μm2 area. Moreover, to design a long length, and hence a short FSR resonator, to 

further reduce the mode volume and hence the TRN floor, low losses are required such that 

the FWHM is approximately less than half of the FSR of the resonator to prevent the 

resonances from overlapping. Thus, the Si3N4 platform is suitable to enable such a coil 

resonator cavity design for stabilization [59,159]. Figure 4.1 compares the TRN floor of this 

work’s visible waveguides with tightly confining core waveguides [8] as well as the miniature 
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rod bulk cavity [9], showing around 7 order of magnitude reduction in TRN when comparing 

coil resonator (ii) with small tightly confining resonators (iv). 

 

Figure 4.1 CoilR design considerations: The large area dilute mode waveguide resonator with 9 

mm radii shown in (iii)  [7] has nearly four orders of magnitude lower TRN floor than tightly 

confined in (iv)  [8] which is crucial for both laser design and for stabilization cavity design for low 

noise performance. This limit can be further lowered by making long length of cavity to increase the 

mode volume further reduce the TRN floor shown in (ii) (this chapter) and approaches the 

performance of bulk miniature high finesse Fabry-Perot cavities like silica microrods in (i)  [9]. 

 

674 nm and 698 nm coilR: The 3 m Si3N4 coil resonator consists of high-aspect-ratio 

waveguides (Chapter 2) with a waveguide core at a coupler with a width of 2.3 µm and core 

thickness of 20 nm, supporting a single fundamental TE0 mode. The waveguide spacing in 

the coil is 40 µm and the inner S bend is 4.5 mm in radius and the waveguide width is increased 

to 3.5 um for the coil part to avoid bend losses. The Q and FSR were measured using an 

unbalanced MZI of Ql = 20 × 106, Qi of 40 × 106, and FSR = 67.4 MHz, as shown in Figure 

4.2, and fabricated in the UCSB cleanroom. The TM0 mode coil resonator also had a length 

of 3 m, used for 698 nm, the width of the coupling region was kept at 2.3 um while the coils 
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at 3 µm and the loss are discussed in section 2.3.2 and Figure 2.6. The coupling region for 

both is a directional coupler, as relatively high values of the power coupling coefficient are 

required to achieve critical coupling, 36-48 % and is analogous to a pulley coupler in ring 

resonators. 

 

Figure 4.2 TE0 mode coilR at 674 nm: The coil design picture of coil coupled with 674 nm laser is 

shown on left with the measured Q and FSR Ql = 20 x 106, Qi of 40 x 106 and FSR = 67.4 MHz 

shown on the right. 

 

1319 nm coilR: The Si3N4 4.0 m coil waveguide resonator employs a high aspect ratio 

waveguide core design, like the visible coils, 6 μm wide × 80 nm thick, with a 15 μm thick 

thermal silicon dioxide lower cladding and 6 μm thick oxide upper cladding. The coil 

waveguide spacing was 40 μm and the minimum bending radius was 4.5 mm. This waveguide 

design was chosen to provide a low-loss high-aspect-ratio waveguide for the fundamental 

transverse magnetic (TM0) mode to mitigate sidewall scattering loss and to minimize the coil 

bend radius, waveguide bend loss, and crosstalk between coil waveguides [23]. The 

directional coupler for 1319 nm has a 3.5 μm gap and 0.5 mm coupling length to provide ~ 

power coupling coefficient of ~ 18 %. Such a coupler design provides proper coupling for the 

fundamental TM mode and weak coupling for transverse electric modes. To measure the 
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resonator Qs, we used a fiber-extended-cavity semiconductor laser developed by Morton 

PhotonicsTM [143] to probe the resonator and perform spectral scans with a radio frequency 

(RF) calibrated fiber Mach–Zehnder interferometer (MZI) as an optical frequency ruler. The 

1319 nm resonator is measured to have Qi = 142 million and Ql = 71 million, corresponding 

to a propagation loss of 0.16 dB/m.  

 

Figure 4.3 TM0 coilR at 1319: Coil cross section and device image on the left with the Q 

measurements on right with Qi = 142 million and Ql = 71 million corresponding to a propagation loss 

of 0.16 dB/m and FSR = 48.8 MHz. 

 

 

4.3 Laser Stabilization using coilR 

Laser stabilization was demonstrated by PDH locking commercial lasers to coil 

resonators and by measuring the frequency noise. The PDH lock requires low power and 3-6 

dBm of power is tapped from the laser for the lock. The coil resonator was mounted on an 

active temperature-controlled stage with an mK-resolution temperature controller (VescentTM 

QTC) inside a passive enclosure [59,155]. The PDH lock requires ∼0.2 mW optical power at 

the photodetector for 1319 nm, 60 μW for 674 nm, and 100 μW for 698 nm to provide a 
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sufficient signal-to-noise ratio (SNR) to overcome other noise sources such as photodetectors 

and shot noise. The PDH locking bandwidth was approximately 1 MHz using a commercial 

servo controller (VescentTM D2-125). To measure the frequency noise and laser-carrier 

stability, we used two independent methods. A fiber-unbalanced MZI is used as an optical 

frequency discriminator (OFD) for self-delayed homodyne laser frequency noise 

measurement at a frequency offset above 1 kHz [59,160], and is utilized for all 3 wavelength 

coil resonators that are described here. Because the fiber noise in the MZI dominates at 

frequencies below 1 kHz offset, we employ a Rock single-frequency fiber laser PDH locked 

to a Stable Laser Systems (SLS) ultralow expansion (ULE) cavity, delivering a Hz-level 

linewidth output at 1550 nm wavelength with a frequency drift of ∼0.1 Hz/s, which is then 

transferred to other wavelengths using a commercial fiber frequency comb and second 

harmonic generation. Furthermore, a GPS reference is also available for long-term stability, 

but is not used for coilR measurements. This laser is referred to as a stable reference laser 

(SRL). The SRL frequency noise measurement below 1 kHz was performed by photo-mixing 

the SRL with our stabilized laser on a high-speed photodetector to produce a heterodyne beat 

note signal that was measured using a precision frequency counter (KeysightTM 53200A). The 

674 nm coilR was characterized with both OFD and beatnote, and the beatnote for 698 nm 

and 1319 nm will be performed in the future. In addition, a 674 nm beatnote measurement 

was also performed on an ESA and 3 dB bandwidth ILW was also reported to demonstrate 

good agreement between different measurement techniques. Figure 4.4 shows the full 

measurement setup. 
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Figure 4.4 Setup schematic for complete frequency noise measurement: Frequency noise 

measurement is carried out with a combination of optical frequency discriminator (OFD) for 

frequency offsets > 1 kHz and a beatnote measurement by beating with a stabilized laser on 

frequency counter for offsets < 1 kHz and stitched together. 

 

698 nm Coil lock: A MoglabsTM cateye external cavity laser was locked to the coil resonator. 

The measured FN is plotted below and shows a 2-4 orders of magnitude reduction in FN in 

the lock bandwidth. The integral linewidth is < 1 kHz, which is limited by the OFD noise. The 

beatnote measurement was not fully set up and will be performed in the future to extract an 

accurate integral linewidth. The FN does not reach the TRN floor, possibly because of the 

high FN of the pump laser used and the limited servo gain and bandwidth of the lock. 
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Figure 4.5 698 nm CoilR: FN measurement of 698 nm source locked to the TM0 mode coil 

resonator; the locked laser does not reach the TRN floor but still shows over 50x ILW reduction as 

well as 2-4 order of magnitude of noise reduction. 

 

1319 nm Coil lock: A Morton Photonics semiconductor low noise laser was locked to the coil 

resonator. The measured FN is plotted below and shows four orders of magnitude of reduction 

in FN in the lock bandwidth, with the FN of the locked pump hugging the TRN floor of the 

coil resonator. This indicates that a longer coil can be used with an even lower TRN floor for 

further noise reduction at this wavelength by using the pump laser. The TRN-limited noise of 

this coil is ~ 1 Hz, which is difficult to achieve because of the thermal drift of the coil 

resonators and is not captured by the OFD, but is shown for a similar coil at 1550 nm in [59]. 

 
Figure 4.6 1319 nm CoilR: FN measurement of 1319 nm source locked to the TM0 mode coil 

resonator; the locked laser reaches the TRN floor and achieves four orders of magnitude of FN 

reduction. 

 

674 nm Coil lock: A MoglabsTM Littrow cavity external cavity laser was locked to the coil 

resonator. We stitched the low- and high-frequency noise measurements together and 

calculated a 1/π integral linewidth of 4.2 kHz, a Î ² integral linewidth of 8.8 kHz Figure 4.7 
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(c), and an Allan deviation of 3.5 x 10-12 at 20 ms (Figure 4.7 (d)). This is an improvement of 

twenty times in the integral linewidth and a second-order magnitude reduction in frequency 

noise. The FN does not reach the TRN floor, possibly because of the high FN of the pump 

laser used and the limited servo gain and bandwidth of the lock. The TRN-limited ILW of the 

visible coil was ~ 12 Hz. 
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Figure 4.7 674 nm TE0 coilR measurements: (a) Beatnote measurement in yellow showing the 

noise getting dominated by frequency counter above 1 kHz (b) OFD measurement in red showing the 

coil MZI noise dominating below 1 kHz. (c) Stitched FN measurement with both, 1 kHz and > 1 kHz 

noise to extract the ILW, with a 1/π integral linewidth of 4.2 kHz, a β integral linewidth of 8.8 kHz. 

(d) Allan deviation of 3.5 x 10-12 at 20 ms. (e) Beatnote measurement on the ESA with a resolution 

bandwidth of 1 kHz showing the beatnote linewidth of 7.4 kHz which matches well with the 

calculated ILW from FN. 

 

 

4.4 Conclusion 

We report demonstrations of large-mode volume and low-TRN coil resonators for 

laser linewidth narrowing by PDH locking, with demonstration of TRN-limited FN at 1319 

nm. We demonstrated for the first time a 3 meter long photonic integrated silicon nitride 

waveguide coil resonator operating at 674 nm and 698 nm with PDH laser stabilization, 

achieving a reduction of 20x in integral linewidth and two orders of magnitude improvement 

in ADEV and four orders of magnitude improvement in frequency noise at low offset 

frequencies. Further improvements in the Q of these coil resonators can enable sub 100 Hz 

integral linewidths and open new applications such as on-chip frequency discriminators, 

wavelength meters, and visible light delay lines. Table 4.1 shows a summary of the 

stabilization of a pump achieved by SBS or by coilR. 
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Table 4.1 Summary of stabilization 

λ Stabilization 

Process 

Pump S1/stabilized pump 

FLW 1/π 

ILW 

β ILW FLW 1/π ILW Β ILW 

674 nm TE0 SBS 3.3 kHz - - 269 Hz - - 

TM0 SBS 44.4 kHz 121 kHz 316 kHz 11.7 Hz 7 kHz 31 kHz 

CoilR PDH - 75 kHz 467 kHz - 4.2 kHz 8.8 kHz 

698 nm TM0 SBS 4.5 kHz 50 kHz 327 kHz 7.8 Hz 3.6 kHz 22.6 kHz 

CoilR PDH - 57 kHz 387 kHz - < 1 kHz <35 kHz 

780 nm TM0 SBS 47.8 kHz 156 kHz 547 kHz 18.5 Hz 1.4 kHz 1.5 kHz 
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Chapter 5: CoilR stabilized 674 nm for 88Sr+ qubit operations 

 

5.1 Introduction 

Trapped ions are emerging as a leading technology for quantum computing, where the 

ions are confined in RF traps to serve as quantum bits (qubits), and entanglement is provided 

by the shared ion motional modes. Trapped ions have demonstrated a single qubit with 

99.9999% fidelity [161] and the highest quantum volume for commercial quantum 

computers  [162]. The qubit is formed with the electronic states of the ion, and ion cooling, 

state preparation, repumping, and readout are all performed using lasers that address specific 

transitions. There are four types of ion qubits: Zeeman qubits, magnetically split Zeeman 

states, optical qubits, transitions separated by optical frequency, and hyperfine or fine 

structure qubits, with the first two being more commonly used qubits. As discussed in Chapter 

1, the linewidth requirement of the laser is determined by the purpose; for example, the cooling 

and repumping lasers only require a spectroscopy lock, as they address transitions that are 

MHz linewidth. In contrast, lasers used for state preparation and readout must be 1 kHz or 

better for the Zeeman qubit (for a Rabi frequency of 50 kHz) or 1 Hz or better for an optical 

qubit [137].  

Scaling a trapped ion quantum computer requires multiple laser beams delivered to 

each ion for the operation and would benefit from integrated beam delivery [49], 

lasers [8,163], passives [11,29], modulators [164], and stabilization cavities; the progress 

towards the latter has been limited to miniature bulk cavities [153,157] owing to the lack of 

high-Q resonators with low thermal refractive noise before this work.  
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Figure 5.1 Electronic structure and 674 nm demonstrations: (a) Electronic structure of 
88Sr+. (b) A simplistic pulse sequence showing the different wavelengths involved in Sr qubit 

operation along with the demonstrated functionalities with coilR stabilized 674 nm. (c) Simple 

schematic of 674 nm laser stabilization. 

 

In this chapter, the coil resonator stabilization cavities at 674 nm, discussed in Chapter 

4, which is wavelength for 88Sr+ optical qubit as well as state preparation and readout for 

Zeeman qubit, as shown in the electronic level diagram in Figure 5.1, is used to demonstrate 

the viability of coilR as a stabilization cavity for ion qubit applications. The CoilR is packaged 

in a two-layer passive metal enclosure, and the temperature of the inner enclosure is controlled 

with mK resolution using a commercial temperature controller to reduce thermal drift and 

isolate it from environmental variations. Spectroscopy sweep of the ion was performed to 

extract the drift and linewidth of the coilR at 2 kHz/s and 12.8 kHz, respectively. Since the 

second DeVincenzo’s criteria for the implementation of a quantum computer requires that the 

system be initialized into a well-defined and determinate initial state, we demonstrate state 

preparation with 97% state preparation fidelity. Moreover, Rabi flopping and Ramsy 
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interferometry of the optical quadruple transition were demonstrated to explore the feasibility 

of a compact clock. The coherence of the laser severely limits these, as TRN-limited 

performance from the coil resonator has not yet been achieved, possibly owing to gain 

saturation. Further linewidth reduction and TRN-limited performance should be possible 

using the SBS laser demonstrated in Chapter 3 at 674 nm as an intermediate stabilization 

cavity, as shown in Figure 5.2. 

 

Figure 5.2 Vision schematic of SBS locked to coil: Linewidth reduction with SBS providing ~ 100-

500x ILW and >1000x FLW reduction and the S1 is then locked to the coilR using an AOM for 

further 50x reduction in ILW. 
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5.2 Spectroscopy, Rabi flopping and Ramsey interferometry 

 

5.2.1 Spectroscopy 

A broad sweep of a stabilized source over the atomic transitions was performed using 

spectroscopy to reveal all the electronic transitions around the central wavelength. The scan 

also reveals the motional sidebands for the trapped ions and servo peaks. For electronic 

transitions that are much narrower than the laser ILW, the linewidth of the transitions in the 

spectroscopic scan is limited by the laser ILW. Moreover, the drift in the laser can cause an 

incorrect linewidth, either broadening it or even narrowing it in the case of a linear scan if the 

drift is in the opposite direction of the scan. To alleviate this problem, a waterfall scan is 

performed where the laser is not scanned linearly; instead, the scan points (laser offset) are 

varied randomly. This will result in the scanned linewidth being correct or wider, but never 

narrower than the actual linewidth. In the case of pulsed detection, the pulse duration is 

sufficiently long when scanning with noisier kHz ILW lasers, so that the scanned linewidth is 

not Fourier limited; however, when using very narrow sub-Hz linewidth lasers, the linewidth 

can be Fourier limited, as it is not possible to increase the scan time indefinitely. Power 

broadening from higher power excitation can also occur; thus, the power is kept lower than 

saturation in these scans as with higher power, even though the peak probability will increase 

the linewidth will also increase  [34]. 

The energy level of the optical 88Sr+ quadrupole transition is shown in Figure 5.3 

below. For the configuration of 674 nm beam parallel to the magnetic field and at 45° from 

the trap RF electrodes, only four transitions are allowed: S1/2,1/2 → D5/2,-1/2, S1/2,-1/2 → D5/2,-3/2, 

S1/2,1/2 → D5/2,3/2, S1/2,-1/2 → D5/2,1/2. State preparation can be carried out such that all electrons 
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are initially in the S1/2, -1/2 state, and the state preparation fidelity is measured by the contrast 

of the S1/2,1/2 state. Spectroscopy can also be used to measure the magnetic field at the ion, as 

the Zeeman splitting of the states depends on the magnetic field strength, as follows: 

𝛥𝛥𝛥𝛥 (𝑚𝑚,𝑚𝑚′) =  �−2.802
𝑀𝑀𝑀𝑀𝑀𝑀
𝐺𝐺

.𝑚𝑚 + 1.680
𝑀𝑀𝑀𝑀𝑀𝑀
𝐺𝐺

.𝑚𝑚′� .𝐵𝐵 5.1 

where the first term is due to splitting of the D5/2 manifold and the second term is due to 

Zeeman splitting of the S1/2 manifold. Spectroscopy can also be used to measure the drift of a 

stabilized laser against the absolute reference of the ion. 

 

Figure 5.3 Zeeman split S1/2 → D5/2 transition: The 5s 2S1/2 state is split into two non-degenerate 

Zeeman states in presence of magnetic field. These two states are used as Zeeman qubits in 88Sr+. 

The 4d 2D5/2 state splits into six Zeeman nondegenerate states. 

 

5.2.2 Rabi Oscillations 

The evolution of a two-level system in the presence of time-varying resonant electric fields, 

with the population exchange between the two fields, is given by Rabi flopping or Rabi 

oscillations, where the frequency of exchange between the two levels Ω0 (Rabi 
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frequency) [165] is given by the solution of the Hamiltonian of a two-level system in the 

presence of a driven field as   

Pe(t,Δ) =  
Ω2

Ω2 +  Δ2
 �sin�

√Ω2 +  Δ2𝑡𝑡
2

��
2

 5.2 

Where Pe (t, Δ) is the probability of the excited state at time T and laser detuning from 

resonance Δ, with Rabi frequency Ω, which is the strength of the atom laser dipole interaction. 

A pi pulse is defined as ΩT = π and results in a sinc2 function that changes to a Lorentzian 

line-shape in the presence of a large decoherence of the excitation field [15]. In this regime, 

if the Lorentzian linewidth is larger than the Rabi frequency, it is not possible to distinguish 

between purely electronic (i.e., carrier excitation) and mixed electronic and motion (i.e., 

sideband transitions). Both laser decoherence and the motional state of the atom or ion cause 

decoherence in Rabi flopping. 

 

5.2.3 Ramsey Interferometry 

 Ramsey interferometer, also known as separated oscillatory filed method utilizes two 

π/2 pulse with a varying delay time in between to allow for the phase evolution. The 

probability of the excited state in Ramsey spectroscopy depends only on the delay time Δt 

between the two π/2 pulses as 

𝑃𝑃𝑒𝑒(t,𝛥𝛥) =  𝑐𝑐𝑐𝑐𝑐𝑐2 �
𝛥𝛥𝛥𝛥
2
� 5.3 

The advantage of Ramsey spectroscopy is that the two π/2 pulse durations are fixed and less 

dependent on the motional state than Rabi flopping.  
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5.3 88Sr+ operations with 674 nm coil stabilized laser 

 

5.3.1 Drift measurements 

 The ion provides an absolute reference for drift measurement. The coilR was packaged 

in a temperature-controlled metal enclosure with a TEC controlled by a VescentTM QTC 

controller with mK accuracy. This inner metal enclosure was placed in a larger metal 

enclosure, whose temperature was controlled using a resistive heater and the same controller. 

This is necessary for a very accurate temperature stabilization of the coilR. A third Styrofoam 

box was created to shield the coil from external acoustic vibrations. The drift of the coilR was 

measured as 2 kHz/s. The drift was compensated with an AOM by measuring against the ion 

and feedforward. Figure 5.4 shows the residual drift measured after the feedforward is reduced 

to a maximum of 1 kHz/min but is not linear. 

 

Figure 5.4 Residual drift: The feedforward reduces the drift of the coilR-locked 674 nm from 2 

kHz/s to < 1 kHz/min. 
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5.3.2 Qubit spectroscopy 

 Waterfall scan of the ion is performed with the stabilized 674 nm over the S1/2, -1/2 → 

D5/2, -5/2 state. The interrogation times at 674 nm were kept between 10-100 μs to avoid limiting the linewidth 

by pulse times. A wider scan reveals the carrier and motional sidebands at 850 kHz and servo bumps at 350 kHz. 

The higher noise far from carrier (FLW) linewidth results in broader wings of the carrier 

around the servo bumps. 

 

Figure 5.5: Qubit spectroscopy: (a) Pulse sequence for qubit spectroscopy. (b) A wide scan shows 

the LO, motional sidebands at 850 kHz and servo peaks at around 350 kHz. (c) A narrower scan 

gives laser linewidth limited scan indicating the laser ILW is around 12.8 kHz, the ILW could have 

been widened by the drift of coilR. 
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5.3.3 State preparation 

State preparation is necessary to initialize the qubit to a particular state at the start of 

qubit operations. For a Zeemann qubit, the electrons are shelved into the S1/2,-1/2 state by 10 

674 nm pulses from S1/2,1/2 → D5/2,-3/2 for 30 μs with 80 μs repumping 1033 nm interleaved, 

which excites it to P3/2,-3/2, from where it can only decay to S1/2,-1/2. The disappearance of the 

S1/2,1/2 peak on performing the qubit spectroscopy shows successful state preparation with the 

measured state preparation fidelity of 97%. 

 

Figure 5.6 State preparation: Wide spectroscopy was performed before and after the state 

preparation with 97% fidelity to demonstrate the feasibility of coilR-locked 674 nm for qubit state 

preparation. 
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5.3.4 Rabi oscillations 

The quadrupole transition of Sr has been used as an optical qubit and an atomic clock. 

To test the ability of the coilR stabilized at 674 nm for optical qubit or clock, Rabi oscillations 

on one of the carrier electronic transitions were performed, and weak contrast corresponding 

to single qubit gates with a maximum of 80% fidelity was observed. This fidelity can be 

improved by improving the laser ILW by locking the S1 to coilR and by cooling the ion to the 

motional ground state. 

 

Figure 5.7 Rabi Oscillations: Pulse sequence for Rabi oscillations and plot showing 80% contrast 

of first Rabi pulse for S1/2, -1/2 → D5/2, -5/2 qubit. 
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5.3.5 Ramsey interferometry 

Ramsey interferometry is performed to disentangle the sources of decoherence, which 

limits the single-qubit fidelity. The optical quadrupole transition from the S1/2 → D5/2 state 

imparts momentum during excitation, and the Rabi frequency depends on the motion state of 

the ion. For an ion that is not cooled to the ground state of the trap, the different Rabi 

frequencies shot-to-shot create an effective amplitude noise on the qubit rotations, which can 

wash out the Rabi flop contrast. However, the Ramsey contrast is not limited by this, as the 

first π/2 pulse of the qubit has a fixed susceptibility to the effective amplitude noise that does 

not grow with delay time if the heating rate is not high. 

 

Figure 5.8 Ramsey interferometry: (a) Pulse sequence for Ramsey interferometry (b) Ramsey 

contrast vs the relative phase of the two π/2 pulses, total time 10 μs. (c) Ramsey contrast vs. delay 

time measured with the ion, with π/2 pulses between the S1/2,-1/2 → D5/2,-5/2  states of the trapped ion 

qubit with the coilR stabilized 674 nm laser, with optical pumping.  
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5.4 Conclusion 
           We utilized our coilR-stabilized 674 nm laser for various operations with 88Sr+ ions 

relevant to qubit operations. These experiments are in progress, and better state-preparation 

fidelities approaching 99% are expected as the setup improves. Moreover, the addition of SBS 

as a pre-stabilization cavity will further improve the ILW of the 674 nm stabilized laser, and 

the ILW might approach 100 Hz. The drift of the coilR may become the limiting factor, and 

better techniques such as dual-mode thermometry may be required for better drift 

reduction [166]. This coil-stabilized cavity opens the doors to compact and highly scalable 

realization of state preparation and manipulation lasers for 88Sr+ Zeemann qubits. SBS pre-

stabilization will further enable optical qubits and compact portable optical atomic clocks 

based on 88Sr+ and can be easily extended to other species, such as 698 nm for the compact 

87Sr clock and 778 nm for the compact 87Rb two-photon clock. 
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Chapter 6: Photonic large area grating emitters for 3-D MOT 

 

6.1 Introduction 

Cold atoms [167], a central component for precision scientific tools including atomic 

clocks [15] and ultra-high resolution spectroscopy [168,169] are emerging as basic building 

blocks for emerging applications including quantum computing [41,65].  The ability to cool 

atoms to ultra-low temperatures removes effects that limit the spectroscopy resolution and 

enables the observation of the quantum behavior of atoms [170]. The cooling of neutral atoms 

is accomplished using light to slow the atoms down to near-zero velocity and further cool 

them using an electromagnetic field [170]. However, neutral atom cooling systems require 

complicated free-space lasers and optics that occupy large tables and racks, and are costly and 

power consuming. New photonic integrated circuit technologies will enable a drastic 

reduction in the size, power, and cost of atom cooling systems and enable the wider scale 

application of these precision techniques. 

Magneto optic traps (MOTs) [167,170–172] are widely used to create a large 

population of cooled atoms that can be trapped for a significant time duration for use in further 

stages of measurement or manipulation. A typical 3-dimentsional (3D) MOT consists of a 

vacuum cell with optically transparent windows and a mechanism for introducing the atomic 

species of interest. MOTs utilize a complex arrangement of free-space laser beams external to 

the vacuum cell, which are carefully aligned using precision bulk optics and properly 

configured magnetic-field gradient coils. External counter-propagating laser beams at a 

wavelength slightly red-shifted from the atomic species absorption line are coupled through 
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the cell windows and converge at the desired atom trap location. The magnetic field is 

introduced using coils that are aligned to form a field null at the intersection of optical cooling 

beams with large cross-sectional areas  [171].   

Efforts to miniaturize 3D MOTs have utilized micro-optic components such as conical 

mirrors or volume Bragg gratings and prisms to convert a collimated free-space laser beam 

into three intersecting beams within the MOT [173,174]. Further size reduction using a 

conical mirror with chip surface gratings patterned onto a 2D substrate has been reported. The 

photonic integrated circuit (PIC) technology offers a rich set of passive and active components 

to further reduce the size, power, and cost of an MOT and improve the performance of atom 

cooling systems. To date, there has been limited success in migrating atomic systems to PIC 

technology. Recently, a silicon nitride (Si3N4) PIC was shown to transform 780 nm light from 

a waveguide to a free-space beam via an on-chip surface grating with an off-chip beam waist 

of 160 µm  [175], and subsequently used as an optical probe beam to demonstrate Rb 

spectroscopy [176] in a miniaturized 1-D MOT [177]. More recently, metasurface baser 

diverging beam emitters have been reported, which are illuminated directly by fibers [178]. 

PIC integration of a 3D-MOT requires the conversion of guided light to multiple free-space, 

large-area laser cooling beams that converge within the atom vapor cell at proper angles for 

atom cooling. Such PIC technology requires significant advancement in extremely large-area 

gratings integrated with waveguides and other on-chip components, as well as compatibility 

with the miniaturization of other 3D-MOT components. 

This chapter demonstrates a 3D MOT laser interface PIC that transforms 780 nm light 

from a single waveguide input into three large-area, non-diffracting, free-space beams via an 

ultra-large area (4 mm × 5 mm) partially etched, chirped, and apodised gratings. The 3D MOT 
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interface PIC achieved a mode expansion factor of ~ 20 × 106, a factor greater than 40x larger 

than that previously reported [175]. This level of performance eliminates the need for bulky 

beam splitters, Galilean telescopes, and collimation lenses and replaces an array of table-top 

bulk optical components. The PIC produces three non-diverging Doppler cooling beams from 

large-area surface gratings at an angle of 54.7°, intersecting orthogonally 9 mm from the chip 

surface within the Rb vacuum cell. A large working distance of 9 mm allows the PIC to be 

placed outside the cell for modular design. Part of this chapter was adapted with permission 

from our publications  [14,69]. 

 

 

6.2 Design 

6.2.1 Slab expander design 

The beam expander is a wide taper of Si3N4 that allows the mode to expand freely 

inside it. Different waveguide core thicknesses result in different beam expander lengths, 

owing to the different effective refractive indices of the modes. A thinner core results in 

exceedingly long tapers, which are impractical because they require stitching multiple masks 

for a single slab expander. A thicker core helps to make the beam expander more compact 

owing to the higher index contrast. In addition, the bend radii also have to be considered, as 

thinner cores have a larger minimum bend radius, resulting in larger devices. 

A commercially available simulation software was used to model the expansion of the 

beam inside the taper for different core thicknesses. The simulation was performed for core 

thicknesses of 40 nm, 90 nm, and 120 nm with waveguides designed for each core thickness 

entering a taper of identical length and width. The TE0 mode of the waveguides was used for 
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the device design; however, it can also be performed for the TM0 mode. For the 40 nm and 

90 nm core modes, the beam propagation method (BPM) was used to observe the mode 

diameter in the taper, while eigenmode expansion (EME) was used for the 120 nm core. Figure 

6.1 (a) and (b) show the schematic of the expander and one simulation of the beam expansion 

in the expander. 

The length of the slab required for a 4 mm beam diameter is extremely long (>20 mm) 

for the 40 nm core but is more reasonable in the 90 nm core and even smaller in the 120 nm 

core. The length of the expander required for the 4 mm beam waist was 11.43 mm for the 90 

nm core and was our initial design choice, although the same mask was used in the 120 nm 

core for a larger beam size from the same grating partial etch.  

 

Figure 6.1 Slab expander design: (a) Schematic of the Slab expander. (b) 2D simulation of beam 

expansion in the expander. (c) Beam waist vs. length of slab expander for different core thicknesses. 
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6.2.2 Grating emitter design 

The three beams that generate the atom-trapping and cooling used in our 3D-MOT are 

formed using three large-area, chip-to-free-space, weakly diffracting, chirped, and apodised 

grating couplers. These couplers were formed in a material system composed of a silicon 

nitride device layer and two silicon dioxide cladding layers. Historically, grating couplers 

have been used in integrated photonics for a relatively small subset of tasks, the most well-

known of which is likely the coupling of light between chip-scale waveguides and optical 

fibers. Grating couplers are an easy method for interfacing planar devices and their 

surrounding environment because, through careful control over the k-vector of the grating, the 

angle at which light is either emitted or received can be targeted with a high degree of 

precision. When light propagating within a chip diffracts from a grating written into its path, 

the angle at which the light diffracts relative to the surface normal of the chip can be calculated 

analytically. If we assume that the light initially propagates within the x-y plane and that the 

z-axis represents the direction normal to the chip’s surface, then the diffraction angle is given 

as 

𝜃𝜃 = atan (
�𝑘𝑘𝑥𝑥𝑜𝑜

2 + 𝑘𝑘𝑦𝑦𝑜𝑜
2

𝑘𝑘𝑧𝑧𝑜𝑜
) 6.1 

Where: 

𝑘𝑘𝑥𝑥𝑜𝑜 =  𝑘𝑘𝑘𝑘 − 𝐾𝐾𝐾𝐾  

𝑘𝑘𝑦𝑦𝑜𝑜 =  𝑘𝑘𝑘𝑘 − 𝐾𝐾𝐾𝐾 

𝑘𝑘𝑧𝑧𝑜𝑜 =  𝑘𝑘𝑘𝑘 − 𝐾𝐾𝐾𝐾 

𝑘𝑘𝑧𝑧𝑜𝑜 = �(2𝜋𝜋𝜋𝜋)2 − 𝑘𝑘𝑥𝑥𝑜𝑜
2 + 𝑘𝑘𝑦𝑦𝑜𝑜

2  

6.2 
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In these expressions, kx and ky are the x- and y-components of the initial k-vector of 

the light, and Kx and Ky are the x- and y-components of the grating’s k-vector, respectively. 

Additionally, kxo, kyo, and kzo represent the three components of the diffracted light’s k-vector 

in free-space. For the 3D MOT, the three beams diffracted from the chip are required to be 

orthogonal to one another, and this translates in turn to the requirement that, for each grating, 

the diffraction angle relative to the surface normal is 54.7°. 

To achieve an expanded beam size, we introduce an abrupt waveguide-to-slab mode 

transition within the chip. At the interface between the waveguide, which provides two-

dimensional confinement, and the slab, which only provides confinement along one axis, the 

optical wave begins to diverge along the direction that is both transverse to its propagation 

and parallel to the surface normal of the chip. This divergence is represented mathematically 

as a spatially dependent distribution of k optical vectors, given as 

𝑘𝑘𝑘𝑘(𝑥𝑥, 𝑦𝑦) =  𝑘𝑘𝑜𝑜cos (𝑦𝑦/𝑥𝑥)  

𝑘𝑘𝑘𝑘(𝑥𝑥,𝑦𝑦) =  𝑘𝑘𝑜𝑜sin (𝑦𝑦/𝑥𝑥) 
6.3 

In this expression, x and y are the coordinates within the nitride slab relative to the 

point at which waveguide-to-slab transition occurs. This means that because the light is 

required to be emitted in a specific direction regardless of position, the grating coupler’s k-

vector must vary spatially to compensate for the varying components of the optical k-vector. 

This requirement can be mathematically represented as 

𝐾𝐾𝐾𝐾 =  𝑘𝑘𝑘𝑘 − 𝑘𝑘𝑜𝑜sin (atan �
𝑦𝑦
𝑥𝑥
�) 

𝐾𝐾𝐾𝐾 =  𝑘𝑘𝑘𝑘 −
𝑘𝑘𝑜𝑜tan (54.7⁰)

�1 + tan (54.7⁰)
 

6.4 

After these local maps of the grating period and direction are calculated, the spatially variant 
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grating may be generated numerically by beginning a single grating line at a chosen starting 

point and “walking forward,” iteratively defining its movement and width. This process can 

be repeated for an arbitrary number of grating lines until the chosen grating area is defined. 

Thus, we generated curved gratings that take the slab mode and produce a flat intensity profile 

in free space. We include both chirped and un-chirped gratings in our test structures because 

un-chirped gratings are easier to fabricate, but chirped gratings are required to produce a 

uniform intensity profile in the propagation direction. Figure 6.2 shows a schematic of the 

grating design. We also designed test structure small gratings with splits of period to calibrate 

the simulations with the fabrication in a 90 nm core and determined 1.08 μm as the optimum 

period for a 50% duty cycle. The grating chirp was limited to 25-75% duty cycle due to 

fabrication constraints using an ASML DUV 248 nm stepper whose resolution is ~ 200 nm, 

and anything below 300 nm has a chance of not being properly resolved. 
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Figure 6.2 Grating design: (a) Sideview of grating showing material stack and partial etch 

along with 3D schematic of the grating. (b) Measurement of the test structure period split to calibrate 

the design with the fabricated device. 
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6.2.3 3D MOT PIC design 

 A schematic of a 3D MOT with a 6-beam configuration is shown in Figure 6.3.  A 

single fiber coupled waveguide input is required for the MOT PIC. A 1 × 3 mmi split the input 

equally into three to feed the three gratings. The bends were designed to have a radius of 500 

µm, which is sufficient to avoid bend loss. The three beams originated from the bottom of the 

MOT PIC at ~54° (from the surface normal) and were placed 120° from each other to provide 

three orthogonal beams. There are three quarter waveplates to convert polarization from linear 

to circular lying flat on the PIC, and the three beams are retroreflected back on themselves to 

form the three counter-propagating pairs. The magnetic field is provided by a traditional pair 

of Helmholtz coils placed along the beam on the outside of the PIC and is not shown here, 

although a PCB-based planar coil can be used [179]. Our PIC-based implementation realizes 

a true six-beam 3D MOT in contrast to prior non-integrated approaches that used a free-space 

illuminated surface grating pyramidal MOT design [180] and flat top beams instead of the 

commonly used Gaussian beam profile. 

 

Figure 6.3 MOT PIC schematic: Schematic of complete MOT PIC with single input and mmi 

feeding the three slab expanders placed 120° from each other on a 13.5 mm circle ending in three 
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grating emitters emitting at 54.7° from each other providing three orthogonal large area cooling 

beams., the gratings are lensed, chirped and apodized which is not reflected in this figure. 

 

 

 

 

6.3 MOT PIC fabrication 

The starting wafer was a 1 mm thick 4-inch diameter silicon wafer with 15 µm of 

thermally grown oxide. The waveguide core consisted of stoichiometric LPCVD Silicon 

Nitride (Si3N4). Two wafer splits with waveguide core thicknesses of 90 nm and 175 nm were 

fabricated. The entire process was a two-mask fabrication, one for the waveguide and the other 

for the grating, as it required a partial etch of 10 nm in a 90 nm core. Both the waveguide and 

grating were patterned using a 248 nm DUV stepper. They were then etched with an 

Inductively Coupled Plasma-Reactive Ion Etcher using an optimized CHF3/CF4/O2 etch 

chemistry developed at the UCSB, one for the waveguide etch [17,18], and one for the grating 

etch, which was developed specifically for these devices. Subsequently this, 6um of SiO2 

upper cladding was deposited using a PECVD process with TEOS as a precursor. Etch 

calibration was performed on the grating etch to identify the optimal conditions for an etch 

depth of 10 nm. This was performed by running four different etching conditions on four 

quadrants of a 4” wafer. One calibration condition resulted in 9.8 nm and the same etch 

conditions were used during the etching of actual devices. On performing AFM on the gratings 

in the actual devices, the deviation from the target 10 nm etch was found to be 1-2 nm. The 

fabrication process is shown in Fig. 6.4. In addition, a dark-field image of the fabricated 

waveguides and an atomic force microscope (AFM) of the gratings were obtained.  
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Figure 6.4 Grating fabrication flow: Steps in the fabrication of the MOT PIC with partially 

etched gratings, also shown in the images of the fabricated waveguide and the AFM of the grating. 
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6.4 MOT PIC characterization 

Two devices were fabricated with the same mask design: one with a 90 nm thick core 

and one with a 120 nm thick core. To quantify the grating emission from these PICs, the beam 

waist and intensity profile for the x- and y-lateral cross sections were measured by imaging 

the beams at varying distances from the PIC on a camera or on a screen.  

90 nm core MOT PIC measurements: The measured beam waist is plotted as a function of 

distance, showing that the beams have very low divergence angles of 0.35 °and 0.18 °for the 

x and y directions perpendicular to the direction of propagation. This represents a divergence 

half-angle θ ˂ 1 °in both dimensions. An example image of the beam at a distance of 6 mm 

from the PIC, as well as the cross-sectional profiles, demonstrates high-quality beam 

uniformity (Figure 6.6). The measured free-space beam width of 3.8 mm x 2.0 mm is an 

optical mode area expansion factor of 18.2 x 106 from the 0.444 μm2 area waveguided mode. 

Figure 6.5 90 nm core MOT PIC characterization images: (a) Setup schematic for measuring 

beam size and divergence. (b) Measured beam profile on the screen as the gap between the screen is 

varied, six spots are seen with the smaller spots being higher-order modes. The 0th order beams 

intersect at 9 mm, as designed. (c) GDS of a single slab with grating along with image of fabricated 

single grating showing a 780 nm beam expanding inside the slab and then diffracting from the 

grating. 
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Figure 6.6 90 nm core MOT PIC characterization beam size and divergence: (a) Fitting 

Gaussian profile in the two axes to obtain 3.88 mm x 2.08 mm beam size. (b) Image of beams at 6 

mm gap used to extract the beam profile in a. The yellow square represents 0 order diffraction, 

whereas the red circle represents the higher-order mode. (c) Divergence of beams with distance from 

PIC MOT in both axes. 

 

120 nm core MOT PIC measurements: The measured beam waist is plotted as a function 

of distance, showing that the beams have very low divergence angles of 0.35° and 0.16° in the 

x- and y-directions, respectively, perpendicular to the direction of propagation. This represents 

a divergence half-angle of θ ˂ 1° in both dimensions. The M2 values were 10 and 15, as these 

are flat-top beams. An example image of the beam at a distance of 6 mm from the PIC, as well 

as the cross-sectional profiles, demonstrates high-quality beam uniformity (Figure 6.6). The 

measured free-space beam width of 3.5 mm x 2.5 mm is an optical mode area expansion factor 

of 20 x 106 from the 0.444 μm2 area waveguided mode. The effective Rayleigh lengths were 

125 cm and 113 cm, respectively. This MOT PIC was successfully used to demonstrate Rb-

87 MOT with over a million atoms trapped at a temperature of ~ 200 μK [14] but will not be 

discussed in detail here. 
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Figure 6.7 120 nm core MOT PIC characterization: (a) Divergence of the beam in both the axis. 

(b) Beam profile 5 mm from the MOT PIC surface showing the 0 order and 1st order beams. (c) 

Image of red laser coupled to the MOT PIC showing propagation and the illuminated gratings. (d) 

Mode profile of one of the beams from b. 
 

Power Budget: The average power loss from the fiber input to each free-space beam output 

was 21.4 dB, corresponding to a total optical loss of beam delivery (fiber input to the sum of 

the beams) of 15.8 dB. These losses include fiber-to-waveguide facet loss, mmi splitter excess 

loss, grating loss, and waveguide propagation losses. The losses of the 90 nm core PIC MOT 

device were also similar. The cutback method was used to determine loss and individual 

components as fiber facet coupling 3.8 dB, 1 x 3 mmi excess loss 3.3 dB, waveguide to slab 

expander 0.7 dB, slab to free space grating emitter 8 dB. There is no taper at the facet or from 
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the waveguide to the slab interface. The facet loss can be reduced to 0.3 dB by using advanced 

facet couplers, as in  [181]. We designed 1 × 3 evanescent directional couplers that reduce the 

excess loss to 0.4 dB. Further grating optimization might require higher-resolution fabrication 

and potentially full grating inverse design and fabrication using e-beam lithography to reduce 

grating losses and eliminate grating higher-order modes. 

 

 

6.5 Conclusions 

 

 This chapter demonstrates a compact silicon nitride PIC-based 3-D MOT for cooling 

87Rb atoms. The laser cooling beam PIC interface demonstrates a record beam expansion 

factor of 20 × 106. The cooling beams were generated with three ultra-large-area-mm-sized 

area mm size gratings that emitted collimated light at an angle of 54.7 °to the PIC normal and 

intersected in the atomic vacuum cell 9 mm from the PIC surface. The modular MOT design 

in the future can be combined with PIC technology and a planar magnetic coil design to 

generate a magnetic zero at the cooling beam intersection inside an atomic vacuum cell for a 

fully planar, compact, modular, and robust system. The laser-cooling PIC can readily be 

adapted for other visible wavelengths owing to the transparency of the silicon nitride 

waveguides from 405 nm to 2350 nm, as well as hybrid integration with on-chip laser and 

detector technology. This opens up the potential for cooling other atomic species and 

transitions, as well as more complex laser cooling and interrogation designs; for example, 87Sr 

atoms require two stages of cooling: probe, spectroscopy, clock, and magic-λ lattice beams 

from the same PIC. Further integration with narrow linewidth lasers and self-referenced 

optical frequency combs designed in silicon nitride platforms can enable compact clocks in 
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which all laser delivery, interrogation, and probing are integrated into a PIC, which will result 

in the next generation of sensors and space-based applications.  
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Chapter 7: Summary and Future Work 

 

7.1 Thesis Summary 

This thesis reports visible stabilized sources for atomic and quantum applications. The 

stabilized source consists of the first integrated Brillouin laser and coil stabilization cavities 

at visible wavelengths. These are enabled by the lowest loss and highest Q waveguides and 

resonators at visible wavelengths, which are also demonstrated in this study. Moreover, a coil 

stabilized SBS was used for performing state preparation and spectroscopy for 88Sr+ as an 

application of these stabilized lasers. A large-area grating was also demonstrated for cooling 

neutral atoms in an MOT. 

The low-loss waveguides are shown in blue, 450 nm to near IR, 808 nm for the TE0 

mode, and 493 nm to 780 nm for the TM0 mode. The TM0 mode waveguides are the first < 

1 dB/m loss waveguides at visible wavelengths with minimum losses of 0.36 dB/m at 780 nm 

and the resonators are first resonators with > 100 million Q in red and near IR, with Qs of 100 

million at 698 nm and 145 million at 780 nm. 

The SBS lasers have moderately low threshold of 10 mW at 674 nm, 7 mW at 698 nm 

and an extremely low threshold of 0.8 mW at 780 nm. We also observed cascading typical of 

the SSB process in the lower threshold 780 nm SBS. The Fundamental linewidths of the three 

SBS lasers were in 8-20 Hz with suppression factors of 500x – 3500x for the fundamental 

linewidth. The power dynamics of these SBS lasers matched well with those of their 

simulations. These SBS lasers also demonstrate integral linewidth reduction of an order of 

magnitude. 
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Coil resonators are demonstrated at 1319, 698, and 674 nm for PDH linewidth 

reduction with a PDH lock. The coilR has a 4 m resonator length at 1319 nm and achieves 

TRN-limited performance for this wavelength. The coilR is 3 m long at 698 nm and 

demonstrates about 10-50x integral linewidth reduction to and 2-4 orders of magnitude of 

frequency noise reduction. OFD was performed to measure the FN at 698 nm and 1319 nm. 

In the future, beatnote measurements can be performed for a more accurate integral linewidth 

by measuring the accuracy close to the carrier noise. For 674 nm, the coilR is 3 m in length 

and demonstrates 2-4 orders of magnitude of frequency noise reduction. Both OFD and 

beatnote measurements were performed to give a 4 kHz integral linewidth with the 1/π reverse 

integral method and 8 kHz with the β-separation method. 

The coilR stabilized at 674 nm from above was used with 88Sr+ to perform 

spectroscopy and a 12.8 kHz linewidth was extracted from it. State preparation was performed 

with 95% fidelity. Rabi oscillations and Ramsey interferometry have also been reported. 

These results are the first demonstration of ion operation with an integrated cavity-stabilized 

laser. 

Finally, large-area gratings were demonstrated to provide millimeter-scale beams 

intersecting orthogonally to provide cooling and trapping beams for a neutral atom 3D MOT. 

The design provides 20 million times increase in mode area from 0.44 μm2 in waveguide to 

three beams of 3.5 mm x 2.5 mm in free space. All the above devices will enable ‘beam line’ 

PICs which will process and provide required optical wavelengths for atomic, ion and 

molecule based experiments, improving SwaP budget and new ways to improve performance 

and scalability of these systems. 
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7.2 Potential future work 

The waveguides and SBS in this work are the first generation of devices, and more 

optimizations can be performed to improve performance as well as to combine different 

devices to obtain better functionality. Cascading suppressed SBS resonators design [134] and 

design of large cavity volume coilR SBS resonator can be done for an even lower fundamental 

linewidth. For waveguides, material properties and optimizations were not performed and can 

be explored to further reduce losses. 

An immediate near-term future work is to lock the SBS laser’s output to the coilR, as 

envisioned but not executed in this work, to obtain a TRN-limited narrower ILW source for 

higher fidelity ion and clock operations with 674 nm and 698 nm, respectively. Plotting the 

pump, measured SBS laser, and the pump locked to the coilR shows that the coilR-locked 

pump is approximately 10 dB higher in the FN than the TRN, while the SBS individually 

provides a 10x reduction in ILW, as shown in Figure 7.1. Using the SBS as an intermediate 

stabilization can be a viable way to achieve a limited, sub 100 Hz integral linewidth. S2 

suppressed the operation of these SBS resonators using photonic molecules [134], multimode 

SBS operation, and a new method using a two-point coupler can also be explored. 
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Figure 7.1 698 nm Pump, SBS and TRN: The FN of the pump that is used for SBS and locked to 

coil independently along with TRN floor of the coilR showing potential for future improvement with 

an SBS laser locked to coilR. 

 

 Moreover, these high-Q SBS resonators are also ideal for self-injection locking  [182], 

and combining SBS with SIL can lead to a phase-robust SIL that has been demonstrated in 

fiber  [183] and will require a chip 25 GHz phase shifter, which might be possible from thin-

film LiNbO3 that has been demonstrated at near red and near IR wavelengths [27]. SIL has 

been claimed to provide isolator-free operation [184], and combining it with SBS might 

provide even higher isolation when odd Stokes modes are used as they are counterpropagating 

and can be filtered out with a filter between the laser and SBS ring. SIL can be attempted with 

a coil resonator for an ultra-low FLW laser and locked to another coil for ILW 

stabilization [155]. Moreover, new physics and interesting interactions that were not 

previously known might be possible through the interaction between the two. 
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Finally, a fully integrated PIC for processing the wavelength required for AMO, 

including lasers, modulators, filters, shutters, and photodiode stabilization cavities, can be 

integrated on a heterogeneous chip with low-loss Si3N4 waveguides; passive and stabilization 

cavities are closer than ever to reality and will serve to revolutionize compact and portable 

systems, improve the scalability of quantum systems, and provide performance benefits 

leading to new science in state-of-the-art lab-based systems. 
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