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1.0 SUMMARY 
This project focused on the realization of an integrated platform for quantum photonics. 

Photonic Integrated Circuit (PIC) technologies enable the integration of all the components of a 
quantum photonic system (photon sources, interferometers for manipulating the photon state) onto 
a high density, phase stable, high efficiency, and high-performance Silicon substrate.  However, 
traditional PIC fabrication has been optimized for classical applications where loss and crosstalk 
are not as important.  In this project we worked with AFRL and AIM Photonics to successfully 
realize a foundry quantum integrated platform, along with the key device and circuit level building 
blocks (photon sources, low loss waveguides, interferometers, phase shifters). We also 
demonstrated robust optical and electrical packaging that enables the chips to be interfaced with 
optical fiber networks and electrical hardware.  

2.0 INTRODUCTION 
Quantum integrated photonics leverages semiconductor manufacturing to realize scalable, 

phase stable, integration of sources of entangled photons and circuits to manipulate their quantum 
states. This approach has delivered significant demonstrations of quantum computing  [1], 
quantum communication [2] and quantum simulation  [3].  Furthermore, chip-scale fabrication 
enables the hybrid integration of solid state emitters  [4], nonlinear/electro-optic materials  [5] and 
single photon detectors [6]; and the integration of quantum photonic devices with other qubit 
platforms, including, superconductors [7] and ions [8]. 

 In this collaborative project with AFRL, we developed the first foundry fabricated quantum 
integrated photonics platforms, taking our initial research from the university cleanroom to the 
AIM Photonics foundry.   We completed multi-project-wafer (MPW) runs to demonstrate the 
initial building blocks and then realized DoD’s first 300mm Quantum Photonic Wafer. The wafer 
process is optimized for quantum, with the first demonstration of low loss Silicon and Silicon 
Nitride waveguides (<0.5dB/cm) in a fully active process  [9]. These low losses enable quantum 
circuits that generate bright entangled photons and manipulate entanglement robustly. Building on 
this, in 2021 we completed the tape-out of a second 300mm Quantum Photonic Wafer which 
further increases quantum functionalities with dopants optimized for active quantum photonic 
devices (electro-optic modulators and switches), and trenches for:  micro-electro-mechanical 
(MEMS) phase shifters that operate with ultra-low voltages  [10] and are cryogenically 
compatible; photonic wirebonds for low loss coupling to fibers and lasers; and hybrid integration 
with solid state quantum emitters, electro-optic polymers, nonlinear materials and single photon 
detectors. The chips are also designed for robust packaging, with integration to fiber arrays and 
dense electrical interconnects.  

This report summarizes the project and its development of a foundry integrated quantum 
photonic platform.  Specifically, we describe the key building blocks, such as, photon sources with 
high brightness and efficiency; the approach to pump separation;  low-loss circuits for 
manipulating photon entanglement, including a novel approach for realizing Hong-Ou-Mandel 
(HOM) in a quantum ring resonator;  the phase shifters for controlling the photon interference in 
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quantum PICs; and robust photonic + electrical packaging which will ultimately enable these 
quantum PICs to be deployed in future systems.   

3.0 METHODS, ASSUMPTIONS, AND PROCEDURES 

3.1 Quantum Integrated Photonic Platform 
We have developed, in collaboration with AFRL/RITQ and AIM Photonics, a quantum 

photonic wafer platform based on 300mm Silicon wafers (Figure 1). Silicon Quantum Photonics 
leverages CMOS foundry manufacturing to realize high performance passive and active photonic 
devices based on Silicon and Silicon Nitride (SiN) waveguides. This platform has all the materials 
(Silicon, SiN, Germanium, Metals) and doping’s for realizing a full suite of tunable devices, 
including, photon sources, phase shifters, electro-optic modulators, attenuators, switches, and 
photodetectors.   The 300mm foundry manufacturing available at AIM Photonics enables the high 
yield, reproducibility, and performance necessary for realizing complex quantum photonic circuits. 
However, quantum photonics requires enhancements and optimizations to a standard silicon 
photonic process to enable robust photon generation and processing.  We have developed such a 
quantum photonic wafer platform with an initial wafer run (Fig. 1(a)) consisting of the key building 
blocks and in 2021 a second wafer design (Fig. 1(b)). The key elements of this quantum integrated 
photonic platform are the following: 

Figure 1: Quantum Integrated Photonic Platforms  (a) DoD’s first 300mm integrated quantum 
photonic wafer (Photos Credit: M. Fanto and C. Tison, AFRL/RITQ). The wafer was fabricated 
by AIM Photonics. The wafer fabrication was optimized for low loss, low noise Silicon and SiN 
waveguides, and fiber-to-chip coupling.  (b) 2021 AFRL 300mm Quantum Photonic Wafer reticle 
design with active electro-optic process and devices optimized for quantum photonic applications. 
The wafer also has trenches for realizing Micro-electro-mechanical (MEMs) devices, efficient 
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thermo-optic modulation and hybrid integration of electro-optic polymers, single photon emitters, 
heterogeneous materials and superconducting nanowire detectors. 
● Low loss Silicon (<0.5dB/cm) and SiN (<0.25dB/cm) single mode strip waveguides were

demonstrated  [9]. These are critical for the generation, routing, and manipulation of single
photons.

● High purity waveguide materials to ensure that photon noise from defects in the Silicon oxide
and Silicon nitride is minimized. AIM Photonics implemented annealing processes to purify
the materials.

● Low dispersion waveguides that enable phase matching of nonlinear optical processes
● SMF28 Edge Couplers with a coupling loss of <1dB has been demonstrated (Figure 21).
● Doping profiles and levels optimized for active quantum photonic devices that enable low loss

modulation and switching, while achieving high bandwidths needed for flying qubits and
quantum frequency processing. The dopings also enable other active devices, including, phase
shifters, and electric-field profiles for interacting with quantum emitters and nonlinear
materials.

● Trenches that expose the Silicon and Silicon Nitride waveguides for:
▪ Photonic wire bonds for low loss coupling to fibers and lasers using two-photon

lithography processing  [11]
▪ Micro-electro Mechanical (MEMs) sacrificial release trenches that enable low voltage,

cryogenically compatible, phase shifting  [10,12]
▪ Solid state emitters that can be integrated directly with Silicon/SiN waveguides and

optical cavities  [4]
▪ Modulators that utilize hybrid integration of organic materials or nonlinear optical

materials  [13]
▪ Photodetectors that can detect single photons, such as, superconducting nanowires  [6]

These quantum wafers (Fig. 1(a&b)) include test structures for evaluating wafer performance, 
and quantum devices/circuits that implement: photon sources, high dimensional entanglement, 
quantum neural networks, quantum frequency processors, and programmable unitaries for linear 
quantum optical computing. 

3.2 Photon Sources 
Quantum photonics requires bright sources of single photons. The sources must be scalable 

and tunable to integrate them together and optimize their performance for maximal entanglement. 
Silicon waveguides are a highly promising source of photon pairs (Figure 2). It has a large third-
order nonlinearity, and the large index-contrast (nSi=3.5, nSiO2=1.45) creates a highly confined 
optical mode (Fig. 2) which maximizes that nonlinearity.  Furthermore, standard singlemode 
500×220nm Silicon-on-Insulator Waveguides have low group velocity dispersion (zero or slightly 
anomalous), enabling the phase matching of the spontaneous four wave mixing (SFWM) process. 
Using a milliwatt level pump laser, coupled into centimeter long waveguides, non-degenerate 
signal/idler photon pairs can be produced at high rates.  Alternatively, degenerate biphotons can 
be produced with two pump lasers tuned to the blue/red of the biphoton wavelength, as depicted 
in Figure 2. 
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Figure 2: Silicon Waveguide Photon Sources. Spontaneous four wave mixing (SFWM) in 
Silicon waveguides enables the generation of non-degenerate (signal/idler at different frequencies) 
or degenerate photon pairs.  The strong confinement of the optical mode yields a high generation 
rate. 

 

 
Figure 3: Ring Resonator Photon Source Tradeoffs (a) Ring resonators suffer from a tradeoff 
where the generated photon pairs (red/blue arrows) can exit the ring resonator through four 
possibilities, resulting in a 25% chance both photons exit the intended port.  (b) The ring resonator 
can be engineered to direct the photons only out the drop port, increasing the coincidence 
efficiency at that port, but it requires asymptotically approaching infinite pump powers. 

Resonators are commonly used to enhance the spectral brightness of the photon pairs. 
Specifically, the bandwidth of the resonator will dictate the bandwidth of the generated photon 
pairs.  In the past several years, significant advances in high performance resonant photon sources 
have been made using nonlinear photon generation in Silicon resonators using (SFWM)  [14–20]. 
Resonators meet the requirements of providing scalability (they are very compact) and tunability. 
However,  in this project we found that there is a tradeoff between the sources brightness and the 
probability that the photons will exit the resonator without being lost (heralding efficiency)  [20–
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23].  The tradeoff exists because the resonator must be critically coupled to maximize the pump 
laser intensity inside the ring, but this comes at the cost that on 25% of the pair will end up at the 
desired port even though their rate of production is at its highest (Fig. 3(a)  [21].   

We investigated this tradeoff  [21] and found that in practice the optical loss of the pump can 
be traded off for a dramatic increase in heralding/coincidence efficiency.  Specifically, a critically 
coupled ring resonator requires both the input/drop port waveguides to have the same gap 
(symmetric configuration – assuming the loss of the ring is negligible compared to the coupling 
strengths).  This symmetric configuration maximizes the pump power in the ring resonator, but the 
generated photon pairs can leave the resonator in four different ways (Fig. 3(a)). By increasing the 
gap between the input waveguide (used to pump the resonator) and the ring, the coincidence 
efficiency can be significantly improved at the cost of pump power coupled into the ring.  With a 
~10× increase in the pump power, to achieve the same brightness as a standard symmetric ring 
resonator device, the coincidence/heralding efficiency can be improved by ~3.75× to 93.75% 
(from 25% for a symmetric device – Figure 3 (b)) [21].  We experimentally verified this in Section 
4.1.  

 
Figure 4: Towards the perfect photon source. Combining a Mach-Zehnder Interferometer 
(MZI) with a microring resonator enables a perfect photon source. The periodic interference of the 
MZI is used to control the coupling to specific ring resonances. 

We now look at this tradeoff from the pump lasers and generated photons perspectives. From 
the pump’s perspective, the ring resonator should be (1) Critically Coupled to ensure the pump is 
fully coupled into the resonator, (2) High-Q to get the highest intensity in the resonator and, (3) 
single-bus to minimize the loss (to maximize the Q).   However, from the photon pairs perspective, 
the ring resonator should be (1) Over-coupled to ensure that the photons exit the resonator at a rate 
higher than they are lost within the resonator itself and, (2) single-bus to ensure the photons only 
exit the one port.   So, how can a ring resonator be both critically coupled with a high-Q and over 
coupled with a low-Q simultaneously?   The solution is to combine a ring resonator with another 
standard integrated photonic device – a Mach-Zehnder Interferometer (Figure 4). 
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The perfect resonant photon source, which overcomes the tradeoff by combining MZI and 
microring, is seen in Figure 5. The photon source interferometrically couples the ring resonator 
using a multipoint coupler  [20,22]. This allows the coupling to the resonances to be tailored 
separately for the pump laser, which requires critical coupling, and the photon pairs which should 
be overcoupled to ensure that they exit the resonator before being lost to the intrinsic loss of the 
ring.  And, as seen in Figure 5, this is achieved simultaneously with one interferometer at the top 
of the ring for pumping (MZI1), and another interferometer at the bottom tuned for the photon 
pairs (MZI2).  This method of coupling allows resonances supported by the ring to be suppressed 
by the coupler. By choosing the optical path length between coupling points such that the 
interference pattern has a period that is twice the free spectral range of the microring, half of the 
resonances can be suppressed. And the second MZI is designed to have an additional π phase shift 
within the coupler, so that the two sides of the device become decoupled from each other. In this 
configuration, the dual bus microring resonator acts more like two single bus rings. If the 
wavelength of the pump photons is chosen to align with a resonance on one side of the device (Fig. 
5 right) while the wavelengths of the signal and idler photons align with resonances on the 
opposing side, the device becomes highly directional. Furthermore, the couplers can be designed 
to allow the pump photons to be critically coupled to the input side (maximizing the effective 
nonlinearity) while the signal and idler photons can be overcoupled to the output side (ensuring 
that they leave the ring quickly). Using this design we demonstrated that >99.8% of the generated 
photon pairs exit the resonator and the pump laser is critically coupled, resulting in order of 
magnitude increases in the overall photon brightness (Section 4.2).  

Figure 5: Interferometrically Coupled Ring Photon Source   MZI1 is used to ensure that the 
pump is critically coupled into the ring resonator. MZI2 is used to ensure that the generated 
signal/idler photons exit the ring resonator only out the drop port of the resonator.  The free-
spectral ranges (FSR) of the two MZI’s is tuned to match the resonances and decouples the input 
side of the resonator from the output, creating built-in pump filtering.  
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Under this project we have designed and realized a TM Polarized Photon Pair Source  [24,25]. 
However, the challenge with creating a TM photon pair source is that TM polarization is highly 
dispersive. Consequently, it is impossible to achieve energy conservation of the nonlinear photon 
generation process because the resonances are not equally spaced.  An approach for overcoming 
this is to use two independently controlled resonators that are linearly uncoupled but can be 
coupled through the nonlinear photon generation process  [26]. Specifically, two resonators are 
designed to interact through a directional coupler as seen in Figure 6(a). However, the directional 
coupler is designed such that the net coupling between the two resonators is zero (i.e., the light 
couples into the second resonator and then back). Consequently, its resonances (green in Figure 
6(b)) are independent of the resonances of the second resonator (red/blue in Figure 6(b)).   A pair 
of resonances in the second resonator can be tuned such that they are equally spaced about a central 
resonance of the first resonator. Therefore, by using a pump laser tuned to the central green 
resonance, when the third-order nonlinearity of the waveguide spontaneously generates 
signal/idler photon pairs, energy conservation is achieved in the respective red/blue resonances. 
The generated photon pairs will exit the second resonator without coupling back into the first 
resonator as well.  We demonstrated (Section 4.3) high pair generation rates and high quality 
heralded single photon generation using this approach  [25]. 

Figure 6: TM Polarized Photon Pair Source (a) Nonlinearly coupling, linearly uncoupled 
independent resonators (b) The two resonators can be independently tuned to select a set of 
resonances that allow for energy conservation of the nonlinear photon generation process. 

3.3 Photon Manipulation Circuits 
Quantum optical information processing generally relies on the manipulation of photons 

through both linear and nonlinear optical elements. This forms the basis for manipulating quantum 
states and entanglement, and has applications in computing, communication, and sensing.  In bulk 
optics linear quantum optical state manipulation is achieved with phase shifting elements (wave 
plates) and beam splitters.   The basic phenomena of two-photon interference forms the basis for 
quantum optical behavior of photons and is beautifully illustrated by the Hong-Ou-Mandel 
effect  [27]. Where two indistinguishable photons are simultaneously incident on a beam splitter 
(Fig. 7).  Photons that interfere constructively will bunch together (photon bunching), and as a 
result will travel together through the rest of the system (resulting in zero coincidences between 
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two-photon detectors at the outputs of the beam splitter). The degree which the photons are 
indistinguishable will determine the degree to which the photons anti-bunch, and as a result the 
HOM effect is a good indication of the quality of the photon source, but more importantly, lies at 
the heart of the proposals that enable quantum computing with single photons and linear optical 
elements  [28].   

Figure 7: Hong-Ou-Mandel Effect. Identical photons incident on a beam splitter will bunch 
together, resulting in zero coincidences between the two detectors. The Hong-Ou-Mandel (HOM) 
is the basis for realizing quantum optic circuits. Directional couplers on PICs are equivalent to 
beam splitters.  

Figure 8: Two-Photon Interference on a PIC. A 3dB splitter splits two lasers, which pump a bi-
photon source (interferometrically coupled ring resonator). The counter-propagating pumps 
produce degenerate biphotons, which are in a superposition of existing in the clockwise or counter-
clockwise directions. After the biphoton exits the resonator, it passes through thermal phase 
shifters and then the two paths are combined on a 50:50 directional coupler.  This creates two-
photon interference that oscillates at 2θ. 
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In PICs, the directional coupler is an exact analogue to the beam splitter as depicted in Fig. 8. 
Specifically, it is also a 4-port device that has an effective reflectivity (κ - coupling constant) and 
transmission (τ). Consequently, all the theoretical basis of linear quantum optics directly applies 
to quantum integrated photonics and with the key advantage that photons are routed through the 
entire PIC circuit without the requirement for maintaining alignment and confines the photons into 
well controlled modes that are intrinsically phase stable.  Consequently, it is straightforward to 
integrate photon sources directly with a directional coupler to realize the HOM effect as depicted 
in Figure 8.   Furthermore, the phase of the photons can be controlled at will using thermal phase 
shifters, enabling a general demonstration of two-photon interference as we did before this project 
began  [14]. 

Figure 9: Quantum Ring Resonator. HOM effect requires a perfect 50:50 beam splitter / 
directional coupler. A ring resonator can be used to realize 50:50 coupling by simply tuning one 
of the operating parameters of the device (primarily phase)  [29]. Consequently, perfect two-
photon interference (right graph) can be achieved at an appropriate relative round trip phase. 

However, while PICs dramatically reduce the size of quantum photonic circuits, the size of a 
directional coupler is large in comparison to the other elements of the circuit (Figure 8). In addition, 
HOM interference requires perfect 50:50 splitting/coupling, which is challenging to achieve 
because a directional coupler will only have 50:50 coupling at a single wavelength due to the 
intrinsic physics of the device. Consequently, we have been working to leverage ring resonators 
for HOM interference. Like directional couplers, as seen in Figure 9, ring resonators are also 4-
port devices (that happen to internally use directional couplers to couple from the bus waveguides 
into the actual resonator waveguides)  [29].  However, ring resonators have the key advantage that 
they intrinsically have a large parameter space which they can operate over. The feedback of the 
resonator ensures that there is a wide range of operating conditions where perfect 50:50 coupling 
can be achieved.  Consequently, it is possible to achieve high performance HOM interference in 
this quantum ring resonator.  An example slice of the quantum resonators space is seen in Fig. 9(c) 
where perfect antibunching can be achieved by selecting an appropriate roundtrip phase around 
the resonator.   



Approved for Public Release; Distribution Unlimited. 
10 

Figure 10: Quantum Ring Resonator PIC Circuit. A quantum ring resonator is integrated with 
a photon source, and phase shifters for preparing the quantum state.    

Figure 10 features a quantum ring resonator PIC circuit experiment we completed in this 
project  [30]. It consists of an interferometrically coupled microring photon source pumped 
externally by two CW telecom lasers (1.5-1.6μm) generating a spectrally degenerate biphoton 
(green). Photon pairs are generated clockwise and counterclockwise and launched into both arms 
of the photonic circuit which include a Mach-Zehnder interferometer to prepare the input states 
for path entanglement. Downstream, a quantum ring resonator (which uses coupled resonators to 
simplify the routing of the waveguides), receives and interferes the photons, producing biphoton 
states whose probability amplitudes can be tuned using the different thermo-optic phase shifters 
(Results are described in Section 4.4).  

Figure 11: Two-Photon Interference from Independent Sources. Two-photon sources are 
pumped, and the resulting photon pairs and interfered in a Mach-Zehnder Interferometer, after 
state manipulation using phase shifters. 

In order to scale up to larger numbers of qubits it is important to be able to interfere photons 
from multiple photon sources. Recently, we demonstrated interference between multiple 
interferometrically coupled photon sources (Fig. 11)  [31].  By tuning the coupling of the pump 
and the out-coupling of the photons from each resonator we were able to optimize the two-photon 
interference visibility (>98%) between the two sources (results in Section 4.5). This is a key 
advantage of this photon source as any fabrication variations can be adjusted by tuning the sources 
coupling to ensure that the resonances are identical. This adjustability also enables the production 
of unentangled photon pairs  [15], a key component for heralded photon sources [15,32].   
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Figure 12: Quantum Programmable Processor. Arbitrary unitary operations are realized using 
interferometers with integrated phase shifters which provide arbitrary rotations of the quantum 
state.  This chip integrates together spiral waveguide photon sources, with pump removal filters 
and multiple stages of Mach-Zehnder interferometers.  

Ultimately the promise of linear optical computing relies on the practical implementation of 
linear operations in optical circuits. These operations form the bedrock of optical quantum 
information processing, wherein the circuit can manipulate quantum states of light. Recent work 
demonstrates a quantum computational advantage using photons by creating a 50-input photonic 
processor from bulk optic components (lenses, mirrors) with 100-output detectors and performing 
various experiments to demonstrate a sampling rate ~1014 faster than optimized 
supercomputers  [33]. This work is groundbreaking; however, the future vision of large-scale 
quantum photonic computing necessitates re-engineering to an integrated solution.  

Silicon photonics provides a natural path to decreasing component size while maintaining 
both tunability and low optical losses through the circuit. With standard silicon photonics 
fabrication technology, simple beam splitters and (tunable) phase shifters can be integrated directly 
on-chip to create arbitrarily controlled unitary operators  [34].   Our work with AFRL to realize 
integrated quantum optical processing is seen in the example in Figure 12, which integrates spiral 
waveguide photon sources with a quantum programmable processor (QPP). The QPP realizes 
arbitrary unitary operations using a grid of Mach-Zehnder interferometers with phase shifters for 
realizing complete rotations of quantum states.    

The challenge of realizing an integrated QPP is controlling all the phase shifters and 
calibrating the overall circuit.  Figure 13 shows our work to package a 4x4 QPP, which consists of 
10 MZI’s, with 4 phase shifters each. This relatively small QPP requires 50 total electrical 
connections in a small footprint.  In order to bridge the gap from the large PCB to the small PIC, 
we developed a custom fan-out Silicon interposer packaging solution in order to wire bond 
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effectively. After packaging we worked to calibrate the QPP circuit by developing gradient descent 
algorithms to route optical inputs to different outputs (Fig. 13(e)).  This approach tunes each of the 
phase shifters (Fig. 13(d)) to reach a specific optical output function. However, with so many 
electrical connections it is challenging to calibrate the circuit.  In particular, we found there was 
significant thermal crosstalk between the heater tuned phase shifters. This crosstalk impedes the 
ability to control the chip reliably. Consequently, we explored improved methods for phase shifting 
light on a PIC.  

Figure 13: Packaged Quantum Programmable Processor. (a) Packaged Quantum 
Programmable Processor consisting of 10 MZI’s (4 phase shifters each, 50 total electrical 
connections) (b) Zoom-out of the overall package with a RIT fabricated custom fan-out interposer 
(c) Zoom-in on the wire bonds.  (d)  Schematic of the chip design (credit: D. Starling). (e)
Experimental results of the random optimization of the output of the chip to a specific output value.

Ultimately a new approach is needed for controlling photonic devices – one that does not have 
crosstalk and is compatible with the cryogenic operation of single photon detectors and other 
quantum devices.  The use of Micro-Electro-Mechanical (MEMs) structures for effective index 
tuning of silicon-based photonic integrated circuits has evolved over recent years to reduce power 
consumption and maximize tuning range  [35–37]. Compared to conventional thermo-optic phase 
shifters, MEMs-based devices, which are actuated by the electrostatic force, have proven to be 
power efficient, making it an ideal candidate for integrated quantum photonic applications. 
However, MEMs integration has historically required complex non-CMOS compatible 
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fabrication. Recently we proposed a new foundry-compatible silicon photonic MEMs phase shifter 
that utilizes gradient electric force actuation  [38,39]. Gradient force actuation has recently been 
demonstrated in integrated photonics by Bekker et al.  [37] and Pruessner et al.  [35]. It operates 
using the fundamental principle that dielectrics experience an attractive force to strong electric 
fields (a typical E&M example is where a dielectric sheet is pulled into a parallel plate capacitor).  

       

 
Figure 14: Ultra-Low Voltage MEMS Phase Shifter. [left] cross-sectional view of the device. 
[right] Effective index as the gap between the SiN and Silicon is changed. Insets show the optical 
modes  [10,40]. 

The MEMs structure (silicon nitride [SiN] beam) in our device is positioned 100 nm above a 
PN doped silicon rib waveguide (Fig. 14[left]).  Reverse biasing the silicon PN diode induces a 
strong electric field gradient to pull the dielectric SiN beam closer (as seen in Fig. 15) to the 
propagating rib waveguide mode (insets Fig. 14[right]), which induces a significant change in 
effective index (seen in Fig. 14[right]).  This effective index change will cause a phase shift as the 
evanescent field of the silicon waveguide mode traverses along the silicon nitride beam’s length. 

 

 
Figure 15: MEMS electromechanical simulation.  (left to right) COMSOL electromechanical 
simulations showing beam deflections for 0V, 0.5V, 0.7V reverse bias. [bottom] (left to right) 
Corresponding electric field plots showing depletion region formation and E-field interaction with 
the SiN beam. 
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We constructed a 3D model of the proposed device in COMSOL using electromechanical 
multiphysics coupling between three physics interfaces – semiconductor, electrostatics, and solid 
mechanics. The silicon was doped with PPP/NNN and PP/NN in the slab regions, and P/N within 
the rib waveguide, creating a PN diode. This graded doping lowers the resistance from the 
waveguide to the highly doped terminals (which have a low ohmic contact resistance). As we 
increase the reverse biasing on the diode, the depletion region widens due to increased carrier re-
combination, causing the electric field to increase in intensity both inside and outside the 
waveguide as seen in Fig. 15 [bottom]. This gradient in the electric field deflects the dielectric 
beam towards the center of the junction in the silicon waveguide. With a full actuation voltage of 
only VFA=-0.7V (where the SiN meets the silicon – Fig. 15[top]), the effective index increases by 
Δneff=0.035 at the center of the beam. This index change results in a net phase shift of 1.41π with 
a 100 μm long SiN beam (Section 4.6, Fig. 25).   

Figure 16: Thermally Isolated Phase Shifters. (left) Mach-Zehnder Interferometer with oxide 
trench.  (right) Post-processing at RIT to etch away the silicon substrate underneath the heater/ 
phase-shifter. 

The primary challenge with thermo-optic phase shifters is that they are inefficient. This results 
in high power usage, and as discussed earlier, significant crosstalk that makes it very challenging 
to realize complex PICs. However, the efficiency of thermal devices can be dramatically increased 
by selectively removing the silicon substrate under the heater, effectively eliminating the path of 
lowest thermal resistance, and thus isolating the device. Drawbacks of previous demonstrations of 
efficient undercut thermal phase shifters in the silicon-on-insulator (SOI) platform include the use 
of a backside etch for substrate removal [41] and fabrication in a low-volume e-beam 
platform  [42]. In this project we realized a thermally isolated phase shifting cell fabricated by 
AIM Photonics, which exhibits low-crosstalk and low-power operation.  MZI devices with thermal 
phase shifters were fabricated by AIM Photonics with a trench on either side of the waveguides 
terminating at the buried oxide layer (Figure 16). We post-processed at RIT by performing an 
Inductively Coupled Plasma (ICP) Reactive Ion Etching (RIE) etch of the remaining buried oxide 
to expose the silicon substrate. The silicon substrate was partially removed using a vapor phase 
xenon diflouride (XeF2) etch (resulting in 20μm undercut). As shown in Section 4.6, we achieved 
a Pπ, the power required for a phase shift of π, of 1.2 mW, which has a corresponding voltage of 
only Vπ=1.65 V. In addition, due to the dramatic performance increase of the air clad device we 
also found a significant improvement in thermal crosstalk. 
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3.4 Packaging 
Robust packaging is critical for interfacing with and controlling quantum photonic chips, 

particularly as the circuit complexity increases. It also provides the thermal and mechanical 
stability needed for carrying out long term quantum experiments.  Consequently, we have devoted 
significant efforts to developing integrated photonic packaging solutions that meet the demanding 
needs of quantum integrated photonics. Through our efforts we have realized complete packaging 
solutions that enable integrated photonic chips to be deployed into quantum experiment testbeds. 
In collaboration with AFRL, we packaged (Fig. 17) a quantum programmable processor (QPP) 
chip that implements an 8x8 programmable unitary circuit.  The package has full electrical and 
optical connectivity to the chip, with a PCB that interfaces with the current quantum experimental 
testbed.  The chip has 450 wire bonds, and it is a significant challenge to determine that all the 
connections are correctly made with no shorts/open circuits. To address this, we developed a 
packaging testbed (Figure 18) to automatically map the electrical paths. It achieves checks on 256 
connections in less than 8 minutes (previously took more than an hour). 

Figure 17: Packaged 8x8 Quantum Programmable Processor. RIT/AFRL Fully packaged 8x8 
programmable unitary circuit (QPP) consisting of ~450 wire bonds with a 20-channel fiber array. 
The assembly is integrated into a testbed at RIT that is being transitioned to AFRL 

Figure 18: Packaging Testbed. Consists of Pickering 128x2 switch matrices, a custom PCB for 
interfacing with our packages using FFC (Flat-Flex-Cable) connectors. Python code checks every 



Approved for Public Release; Distribution Unlimited. 
16 

connection possibility by switching every combination of connections and mapping the current, 
which is monitored using a Measurement Computing DAQ. 

The most significant challenge with photonic chip packaging is the attachment of optical 
fibers. There are mechanical, thermal, and optical interfaces that must be optimized to demonstrate 
permanent attachment that achieves low loss.  We have realized novel solutions, including, the use 
of  high-NA optical fibers for ultra-low loss (<1.5dB) polarization independent coupling  [43], and 
using the optimized edge couplers on the AFRL quantum wafers we have recently demonstrated 
low loss coupling (<1dB) directly to SMF28 (Fig. 19).   

Figure 19: Ultra-low loss optical coupling and robust fiber attachment. Ultra-low loss 
coupling from SMF28 to a quantum PIC using an optimized coupler design. A coupling loss of 
<1dB/facet is achieved. 

4.0 RESULTS AND DISCUSSION 

4.1 Efficiently heralded silicon ring resonator photon-pair source 
Presented here are results on a silicon ring resonator photon pair source with a high heralding 

efficiency [21]. As shown in Figure 3, previous ring resonator sources suffered from an effective 
50% loss because to generate the photons the pump must be able to couple into the resonator which 
is an effective loss channel for the generated photon pairs. However, in practice the optical loss of 
the pump can be traded off for a dramatic increase in heralding efficiency (3.75× with a 10× 
increase in pump power).  This was demonstrated experimentally by varying the separation (gap) 
between the input waveguide and the ring while maintaining a constant drop port gap (Figure 20). 
The ring resonator (R = 18.5μm, W = 500nm, and H = 220nm) was pumped by a tunable laser 
(λ~1550nm). The non-degenerate photons, produced via spontaneous four wave mixing, exited the 
ring resonator, and were coupled to fiber upon which they were filtered symmetrically about the 
pump. Coincidence counts were collected for all possible photon path combinations (thru and drop 
port) and the ratio of the drop port coincidences to the sum of the drop port and cross term 
coincidences (one photon from the drop port and one from the through port) was calculated.  

With a 350nm pump waveguide gap (2.33× times larger than the drop port gap) we confirmed 
our theoretical predictions, with an observed improvement in heralding efficiency by a factor of ~ 
2.61 (96.7% of correlated photons coupled out of the drop port).  Furthermore, we verified that the 
experimental results match the theoretical predictions (Fig. 20) from Figure 3, by testing four 



Approved for Public Release; Distribution Unlimited. 
17 

different ring resonator gaps.  These results will enable increased photon flux integrated photon 
sources which can be utilized for high performance quantum computing and communication 
systems. 

Figure 20:  Experimental demonstration - tradeoff in source efficiency and pump power. 
(top) Microscope image of ring resonators with different gaps between the input waveguide and 
the microring resonator. (bottom) Experimental results and comparison to theory. The 
experimental results have an excellent agreement with the theory in Fig. 3. Specifically, the larger 
the input gap, the higher the required pump power but the coincidence efficiency increases to near 
unity. 

4.2 Interferometrically coupled ring resonator photon source 
Interferometric coupling overcomes the tradeoff, allowing simultaneous critical coupling of 

the pump laser into the ring resonator and high directivity of the photon pairs only to a single 
output port [22]. The net result is a photon source with the brightness of a critically coupled ring 
but with a coincidence/heralding efficiency of near unity. As shown in Figure 5, the device makes 
use of two MZI’s which are designed to suppress alternating sets of resonances, with one set for 
pumping and the other for the photon pairs.  The device was fabricated via the AIM Photonics 
foundry [Fig. 21(left)]. Thermal tuners were included with the device to allow for fine control of 
the optical path lengths of the ring and coupler arms. This allowed the device to operate as a lossy 
dual bus ring or in the desired highly directional configuration. The source was pumped with a 
tunable CW laser with 5dBm of optical power. Filters were placed before and after the photonic 
circuit to reduce noise and split the signal and idler photons. Coincident photon detections were 
integrated (with a 4-channel SNSPD and a TDC) for 300s with a timing resolution of 81 ps. The 
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results of these measurements are shown in Fig. 21. For the case of the lossy dual bus ring 
configuration, the coincidence efficiency was determined to be 78.5% while for the ideal optimized 
configuration, the coincidence efficiency was determined to be 99.8%. In addition, the coincidence 
rate increased from a peak of 26Hz by ten times to 260Hz, demonstrating that the pump laser is 
critically coupled which maximizes the generation of photon pairs.  This work demonstrates that 
the coincidence efficiency of microring resonator sources can be increased to near unity by making 
use of multipoint interferometric couplers. In addition to the improved directionality, this 
configuration allows the pump to be critically coupled to the ring while the signal and idler photons 
can be overcoupled. This improved efficiency greatly increases the performance and scalability of 
integrated quantum information processing systems. 

Figure 21: Interferometrically Coupled Microring Resonator Photon Source. (left) 
Microscope image of the source (Credit: M. Fanto, AFRL/RITQ). Coincident photon pair counts 
for the (middle) lossy dual bus ring configuration, and the (right) ideal directional source 
configuration. 

4.3 TM-polarized photon source 
Here we demonstrate a dual, nonlinearly coupled, resonator photon pair source for highly 

dispersive TM-polarized light [24,25].  By operating with TM polarization, it will be possible to 
realize improved filtering of the photon pairs.  The two racetrack-style resonators are critically 
coupled to separate waveguides, as shown in Fig. 22(a). Each resonator can be independently tuned 
via resistive heating with voltages applied at V1 and V2. The two resonators interact via a 
directional coupler (DC) which is designed to ensure input light remains within resonator one.  In 
this  way,  the  two  resonators  are  linearly  uncoupled  [26].  Pump light (green in the figure) was 
directed in through the input port, on resonance with resonator one. Due to the third order 
nonlinearity in silicon, signal, and idler photons in a wide range of wavelengths could be generated 
via SFWM in the first resonator. However, in the Directional Coupler (DC), signal and idler 
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photons that are resonant with resonator two are interferometrically enhanced, and couple into 
resonator two (blue/red in the figure). We note though that SFWM will only be enhanced when 
the resonances are equally spaced about the pump wavelength (Figure 6), a strict requirement for 
energy conservation. However, since the two resonators can be independently controlled, it is 
possible to realize efficient photon-pair generation (alignment of the resonances) even in the case 
where the individual resonators are highly dispersive. 
 

 
Figure 22: TM-polarized Photon Pair Source. (a) Light from a laser (LD) passes through a 
variable optical attenuator, polarization controller (PC) and then enters the photonic integrated 
circuit (PIC). Light is collected from the PIC and sent either to a detector (DET), or through a 
coarse wavelength division multiplexer (CWDM) to separate signal and idler photons.  Each path 
then passes through polarization controllers and filters (F1 and F2).  Signal photons are separated 
at a 50:50 beam splitter (BS) and then photons are detected via superconducting nanowire single 
photon detectors (SNSPDs) and correlated with a time tagger (TT). (a) PIC (fabricated using 
electron beam lithography with Applied Nanotools) showing the input pump field (green) and the 
signal and idler photons (blue and red) created in the DC and extracted through the drop port.  
Voltages V1and V2 are applied to tune the first and second resonators, respectively. The spectrum 
of the resonator is seen in Fig. 6(b). (b) Coincidences with the location of the resonances for 
resonator two are scanned via resistive heating.  We include the Lorentzian least squares fit with a 
FWHM of 2.98 GHz. Each data point is collected with 3.0 minutes of integration. (c) The input 
pump power was varied, and coincidences were measured, exhibiting the quadratic behavior of the 
device. Error bars enclose one standard deviation. Input waveguide power was approximated based 
upon loss measurements. Values above 0.5 mW began to saturate the quadratic pair generation 
rate. (d) The value of g(2) as a function of the time delay between channels 2 and 3, where t1=t2=0.  
This data includes two sets of 10 hours of integration (with 200 ps and 50 ps bin sizes) and an 
average coincidence rate of 437 Hz. We show only the data for the smaller bin size near t3−t2=0 
where triple coincidences are more common and error bars are small. A Gaussian fit to both sets 
of data combined gives a FWHM of 904 ps. 

Figure 22(b) shows the efficient TM-polarized generation of photon pairs. To confirm that the 
dominant pair generation processes rely on the nonlinear coupling of the two resonators, we varied 
the heater current of resonator two to shift its resonances. The full width at half maximum 
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(FWHM) of a Lorentzian least squares fit was found to be 2.98 GHz, confirming that efficient 
photon-pair  generation  requires  the  resonances  to  be  precisely aligned for energy conservation.  

Since the SFWM process is nonlinear, we varied the input power to demonstrate the expected 
quadratic dependence as shown in Fig. 22(c).  For each setting, the input power was set (with a 
maximum power of approximately 0.5mW) and the pump frequency and resonances of resonator 
two were scanned to optimize coincidence counts. Lastly, to analyze the quantum properties of the 
photon pairs, we performed a conditional second order self-correlation measurement (g(2)) as  
shown in Fig. 22(d). With approximately 2.1mW of power in the input waveguide yielding 242 
Hz coincidences, we measured a g(2)(0)  =  0.044±0.004,  over  200  standard deviations below the 
classical threshold.  Therefore, despite large group velocity dispersion we demonstrated phase 
matching in the SFWM process, made possible by the relatively short interaction length in the 
nonlinear coupling region and the interferometric enhancement of the second resonator. We 
obtained a maximum measured count rate of 2855 Hz with a CAR (Coincidental-to-Accidental 
Ratio) of 237 using 2.1 mW of pump power in the waveguide.   
 

4.4 Two-photon interference in ring resonators on a photonic chip 
Two-photon interference is the basis for realizing the manipulation of quantum states.   We 

have achieved two-photon interference using a ring resonator for the first time. Specifically, 
previous demonstrations were done using directional couplers but that requires perfect control of 
the coupling (typically 50:50).  In contrast, as shown in Figure 9 & 10, ring resonators offer a key 
advantage of a large parameter space where high performance two-photon interference can be 
achieved, in addition, within a highly compact device.  Using the circuit in Figure 10 we measured 
two-photon and classical interference in Fig. 23 in a quantum ring resonator device. The classical 
interference realized 98% visibility [30]. Additionally, two-photon interference is also displayed 
(blue line) with the biphoton N00N (N=2) state exhibiting oscillations at twice the rate as the 
classical case. The raw visibility for the N00N state is as high as 95% demonstrating strong 
capability of achieving indistinguishable photons. The two-photon interference was adjusted by a 
rotation applied from the thermo-optic phase shifters preceding the quantum ring resonators. These 
rotations are implemented by biasing heaters in the coupled rings and establishing a relative phase 
shift. When the potential difference between the upper and lower ring heaters is set to 7V, a∼π 
rotation is induced making the coupled ring system act as a tunable beam splitter. 
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Figure 23: Two-photon interference in a quantum ring resonator. (left) Interference fringes as 
a function of the phase shifter voltage preceding the quantum ring resonator for both the classical 
case (red lines) and quantum biphotons (blue line). The biphotons oscillate at twice the rate, as 
predicted by quantum theory for a two-photon N00N state.  (right) The coupled ring resonator 
heaters are biased to induce a relative phase shift in the interference pattern (no phase change = 
green; π phase shift = black).  

4.5 Two-photon interference from independent resonant sources 
Linear optical quantum computing relies on the ability to manipulate single-photons through 

high-visibility interference effects. This requires the generation of indistinguishable photons from 
independent photon sources. Figure 11 shows a PIC circuit which consists of two 
interferometrically coupled microring resonator photon sources. A key advantage of these sources 
is that the bandwidth of the resonator can be tuned, enabling the generated biphoton bandwidths 
to be matched (along with their central frequency). Following the two sources the circuit continues 
to thermo-optic phase shifters and a Mach-Zehnder Interferometer, which is used to determine the 
biphoton pairs indistinguishability through two-photon interference. 
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Figure 24: Two-photon interference from independent resonant sources. (a) Interference 
pattern for two interferometrically coupled microring photon sources when the pumps are critically 
coupled. (b) Source 1’s pump ring resonator spectra is tuned from critical (blue) to over-coupled 
(red). The spectra are fitted to a Lorentzian (not shown). The second source is fixed at critical 
coupling. (c-f) Corresponding two-photon interference patterns. The coincidence counts in all 
figures are calculated by subtracting accidentals taken from far outside the coincidence window. 

The two-photon interference measurements are presented in Figure 24.  We measured a 
maximum coincidence counting rate of 3.3 kHz with both sources configured to have critically 
coupled pumps. In order to determine the impact of the resonator bandwidth on visibility, the pump 
coupling of Source #1 was varied from critical coupled to over-coupled (Fig. 24 (b)). The 
corresponding interference patterns are shown in Figure 24(c-f), which achieved visibilities of 
99.2% [Q=9.5e+4], 81.8% [Q=4.8e+4], 73.7% [Q=4.1e+4], and 55.5% [Q=2.2e+4]. In addition to 
the resonator’s bandwidth, the change in the directivity (Section 4.2) of the photon source will 
influence the flux of photon pairs exiting from Source #1.  The relationship between these two 
effects is continuing to be investigated. 

4.6 Micro-electro-mechanical (MEMs) Phase Shifters 
MEMs phase shifters are a promising approach for realizing phase shifting with low loss, low 

energy use and minimal crosstalk. In this project we showed (Figure 14 & 15) a foundry 
compatible design  [12] that with a full actuation voltage of only VFA=-0.7V (where the SiN comes 
into contact with the silicon – Figure 17[top]), yields a net phase shift of 1.41π with a 100 μm long 
SiN beam (Fig. 25[left]).  We also explored the phase change for a SiN beam that is 10nm thicker 
[230nm total], which yielded an even larger phase shift of 1.83π with VFA = -0.9V.  We also 
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investigated the dependence on the initial gap between the SiN beam and silicon and found that 
even with a 200nm gap the device has a low VFA=-5V (1.85π) and a 300nm gap requires VFA=-
12V (1.53π). 

Using Lumerical 3D FDTD simulations, we determined that the phase shifter’s total insertion 
loss is very low (<0.5dB). Specifically, because most of the optical mode is confined within the 
silicon rib waveguide, the transition from oxide to the air trench (with the SiN beam 100nm above 
the silicon waveguide) has a scattering loss of less than -0.017dB. Furthermore, because the 
effective index change along the beam is very gradual, the mode is adiabatically transformed along 
the length of the beam, with no additional loss. The only appreciable loss is due to the PN doping, 
which is estimated to only be 0.2-0.3dB over the entire length of the device (20-30dB/cm with P/N 
doping) and can be further optimized. 

Figure 25: MEMs phase shifter. [left] Phase (in π units) vs. Voltage - for 100μm long SiN beam 
with varying gaps: 100 nm (220 nm & 230 nm thick SiN), and 200 nm and 300 nm gaps (with 
220nm thick SiN). [right] Microscope image of a post-processed MEMs phase shifter with a 
release SiN beam. 
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Figure 26: Low voltage SiN MEMs Phase Shifter.  [top] Cross-section of the SiN MEMS device 
qualitatively demonstrating the operation of the device where voltage is applied to metal 
electrodes, creates a gradient electric field that actuates a nitride beam. The nitride beam is released 
by etching Polysilicon using a vapor XeF2 etch, enabling wafer scale release. [bottom] Inset: 
Scanning electron microscope (SEM) image of the Nitride single-sided beam anchor (wide and 
short single-clamped cantilever) released above a SiN waveguide.  The transmission of a MZI with 
the phase shifter realizes a π phase shift with 7V, and it is highly repeatable (forward/backward 
operation is very similar). 

We recently demonstrated a preliminary version of the design without dopants, and larger 
electrode separation [12].  In addition, as shown in Fig. 25 [right] we have successfully post 
processed the complete design and released the SiN beam using a standard wet hydrofluoric acid 
etch with critical point drying. We are now working to integrate the complete fabrication and 
release process fully in the foundry.  

Previous works have demonstrated silicon nitride MEMs phase tuning through vertically 
displaced microbridges  [35].  However, these have required >40 V for a π phase shift.  Ultra-low 
voltage (∼1 V) designs using horizontal slot waveguides have recently been demonstrated   [45,46]  
although  these  methods  require  complex  mechanical  structures  that  must  be  released using 
vapor-HF or critical point drying post-processing.  We have recently demonstrated low-voltage 
phase tuning of vertically actuated beams that are released at wafer level with a vapor XeF2 etch 
completely in-house [47].  Our process is carried out on an i-line photolithography stepper to define 
the waveguiding, metal, and MEMS structures.  We use a sacrificial polysilicon layer between the 
SiN waveguide and the SiN beam (Figure 26).  The XeF2 undercuts the beam, enabling a simple 
MEMs release process that does not undercut the waveguide.  The movable SiN beam on top of 
the waveguide utilizes a single-sided anchor so that it resembles a wide and short single-clamped 
cantilever. This enables a phase shifter that is capable of a π phase shift with <10 V and length 
<100μm.  We measured the optical transmission versus applied voltage for multiple voltage 
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sweeps and extract the phase shift per voltage at various wavelengths (Fig. 26).  We demonstrate 
reliable tuning over multiple sweeps with an average voltage of 7V±0.5V for a π phase shift.  This 
phase shifter is central to the scalability of programmable quantum photonic circuits. 

4.7 Isolated thermo-optic phase shifter 

Figure 27: Thermally isolated thermo-optic phase shifter. [left] Optical power of an MZI as 
the thermally isolated phase shifter volage is applied. π is achieved with only 1.2mW (1.75V), and 
more than 7π is achieved in under 5V.  The inset shows the heater is highly stable when applied to 
3π. [right] Demonstration of thermal crosstalk of this standard (unetched) and air clad (etched) 
devices, as measured by tracking the resonance shift of a nearby microring resonator. The scans 
were repeated multiple times. 

We present a thermally isolated phase shifter realized by undercutting the silicon waveguide 
and integrated doped-Silicon resistive heater (Fig. 16).  By removing the Silicon substrate, the 
generated heat is isolated by the surrounding air, dramatically improving efficiency. Specifically, 
the standard thermo-optic heater requires tens of milliwatts to realize a π phase shift. As seen in 
Figure 27, the isolated phase shifter achieves a π shift with only 1.2mW (1.75V).  Furthermore, 
the phase shifter is highly stable as shown in the inset.     

We determine the isolation of the thermal phase shifter by tracking the resonance peak 
wavelength of a nearby (∼500μm) ring resonator – a highly temperature sensitive device. We 
applied an increasing range of voltages to the thermal phase shifter, while optically probing the 
ring resonator. We investigate the resonance shift as a function of heat in the thermal phase shifter, 
shown in Fig. 16 (right). The standard device (unetched) shifts the resonance more than the air 
clad (etched) for the same power, demonstrating the thermal isolation of the heaters. In addition, 
due to the dramatic performance increase of the air clad device we also note the difference in 
resonance shift at the operating power. The standard device has a characterized Pπ= 60 mW (~12V) 
and induces a 170 pm resonance shift at that power, whereas the air clad thermally isolated device 
has Pπ= 1.2 mW, inducing a resonance shift of only 20 pm at that operating point. Consequently, 
an effective order of magnitude reduction in crosstalk will be realized in practice. 
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5.0 CONCLUSIONS 
We have developed, in collaboration with AFRL/RITQ and AIM Photonics, a 300mm 

photonic wafer platform that is optimized for quantum photonics with low loss Silicon & Silicon 
Nitride waveguides, and edge couplers with <1dB coupling to optical fibers. In addition, it has 
passive & active elements for realizing high performance electro-optic modulation, efficient 
thermo-optic phase shifters, MEMs, and the hybrid integration of quantum materials/devices 
(single photon emitters and detectors). We have developed all the key building blocks, including, 
high performance photon sources, phase shifters for controlling the quantum state and circuits for 
interfering the photons and controlling entanglement.  

In this project a key focus was on the realization of high-performance resonant photon sources. 
We identified a key tradeoff in source brightness and efficiency [21], and overcame the 
tradeoff  [20,22] with a novel integration of interferometric coupling into the microring resonator 
to realize a photon source that has near-unity heralding efficiency and high brightness.  We also 
demonstrated quantum interference with the photon source in novel circuit configurations  [30,31]. 
We identified thermal crosstalk as a significant obstacle towards realizing complex quantum 
circuits, and investigated alternatives based on MEMs  [12,40,47]. We also optimized the 
performance of the thermo-optic phase shifter to realize ~1mW operation with minimal crosstalk. 

We have also developed novel packaging solutions, further improving fiber coupling 
efficiency and reliability [44], and electrical interconnect density. Testbeds for characterizing the 
packages were created to carry out quantum experiments (discrete, microcontroller and FPGA 
based, hardware/software interfaces to test equipment, data acquisition boards and software 
algorithms). Overall, this work has established the foundation for all the components and 
packaging technologies needed for scaling up to large-scale quantum information processing with 
hundreds or even thousands of photons.   
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APPENDIX B – Abstracts 
 
Foundry-processed optomechanical photonic integrated circuits: Photonic integrated 

circuits (PICs) are a maturing technology with foundries enabling wafer-scale PIC fabrication. At 
the same time, optomechanics, in which micro-/nano-optical and -mechanical structures are 
coupled, is well-established with many basic research and practical applications. However, 
optomechanical devices have so far required highly-customized fabrication that limits their 
inclusion in foundry-processed PICs. To address this need, we design optomechanical PICs using 
standard low-loss process design kit (PDK) components. Our approach ensures access to the 
foundry’s low-loss PDK components and enables process compatibility. As a demonstration, we 
design a foundry-processed optomechanical Mach-Zehnder interferometer (MZI). Measurements 
demonstrate that a π-phase shift can be accumulated over an optomechanical interaction length of 
only 60 µm and tunable phase shifting can be achieved using gradient electric force actuation. We 
further demonstrate all-optical excitation and readout of mechanical resonances for sensing 
applications. Our PDK-focused optomechanics design approach enables the co-integration of 
optomechanics, photonics, and electronics in a single PIC. 

Two-dimensional extreme skin depth engineering for CMOS photonics: Extreme skin 
depth engineering (e-skid) can be applied to integrated photonics to manipulate the evanescent 
field of a waveguide. Here we demonstrate that e-skid can be implemented in two directions in 
order to deterministically engineer the evanescent wave allowing for dense integration with 
enhanced functionalities. In particular, by increasing the skin depth, we enable the creation of two-
dimensional (2D) e-skid directional couplers with large gaps and operational bandwidth. Here we 
experimentally validate 2D e-skid for integrated photonics in a complementary metal–oxide 
semiconductor (CMOS) photonics foundry and demonstrate strong coupling with a gap of 1.44 
µm. 

Nonlinear Photon Pair Generation in a Highly Dispersive Medium: Photon pair 
generation in silicon photonic integrated circuits relies on four-wave mixing via the third-order 
nonlinearity. Due to phase matching requirements and group velocity dispersion, this method has 
typically required TE-polarized light. Here, we demonstrate TM-polarized photon pair production 
in linearly uncoupled silicon resonators with more than an order of magnitude greater dispersion 
than in previous work. We achieve measured rates above 2.8 kHz and a conditional self-correlation 
of g(2)(0)=0.044. This method enables phase matching in dispersive media and paves the way for 
entanglement generation in silicon photonic devices. 

An Aluminum Nitride Integrated Photonics Platform for the Ultraviolet to Visible 
Spectrum: We demonstrate a wide-bandgap semiconductor photonics platform based on 
nanocrystalline aluminum nitride (AlN) on sapphire. This photonics platform guides light at low 
loss from the ultraviolet (UV) to the visible spectrum. We measure ring resonators with intrinsic 
quality factor (Q) exceeding 170,000 at 638 nm and Q >20,000 down to 369.5 nm, which shows a 
promising path for low-loss integrated photonics in UV and visible spectrum. This platform opens 
up new possibilities in integrated quantum optics with trapped ions or atom-like color centers in 
solids, as well as classical applications including nonlinear optics and on-chip UV-spectroscopy. 

The path to increasing the heralding efficiency of integrated photon sources: Silicon ring 
resonators are used as photon pair sources by taking advantage of silicon’s large third order 
nonlinearity with a process known as spontaneous four wave mixing. These sources are capable 
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of producing pairs of indistinguishable photons but typically suffer from an effective 50% loss. By 
slightly decoupling the input waveguide from the ring, the desired photons generated in the ring 
can preferentially be directed to the drop port. Thus, the ratio between the coincidences from the 
drop port and the total number of coincidences from all ports (coincidence efficiency) can be 
significantly increased, with the trade-off being that the pump is less efficiently coupled into the 
ring. In this paper, ring resonators with this design have been demonstrated having coincidence 
efficiency of ∼ 96% but requiring a factor of ∼ 10 increase in the pump power. Through the 
modification of the coupling design that relies on additional spectral dependence, it is possible to 
achieve similar coincidence efficiencies without the increased pumping requirement. This can be 
achieved by coupling the input waveguide to the ring multiple times, thus creating a Mach-Zehnder 
interferometer. This coupler design can be used on both sides of the ring resonator so that 
resonances supported by one of the couplers are suppressed by the other. This is the ideal 
configuration for a photon-pair source as it can only support the pump photons at the input side 
while only allowing the generated photons to leave through the output side. This work realizes a 
device with preliminary results exhibiting the desired spectral dependence and with a coincidence 
efficiency as high as ∼ 97% while allowing the pump to be nearly critically coupled to the ring. 
The coincidence efficiency is measured to be near unity and reflects a significant reduction in the 
intrinsic losses typically associated with double bus resonators This device has the potential to 
greatly improve the scalability and performance of quantum computing and communication 
systems. 

Truly unentangled photon pairs without spectral filtering: We demonstrate that an 
integrated silicon microring resonator is capable of efficiently producing photon pairs that are 
completely unentangled; such pairs are a key component of heralded single-photon sources. A 
dual-channel interferometric coupling scheme can be used to independently tune the quality factors 
associated with the pump and signal and idler modes, yielding a biphoton wavefunction with a 
Schmidt number arbitrarily close to unity. This will permit the generation of heralded single-
photon states with unit purity. 

Measurement of Quantum Interference in a Silicon Ring-Resonator Photon Source: 
Silicon photonic chips have the potential to realize complex integrated quantum information 
processing circuits, including photon sources, qubit manipulation, and integrated single-photon 
detectors. Here, we present the key aspects of preparing and testing a silicon photonic quantum 
chip with an integrated photon source and two-photon interferometer. The most important aspect 
of an integrated quantum circuit is minimizing loss so that all of the generated photons are detected 
with the highest possible fidelity. Here, we describe how to perform low-loss edge coupling by 
using an ultra-high numerical aperture fiber to closely match the mode of the silicon waveguides. 
By using an optimized fusion splicing recipe, the UHNA fiber is seamlessly interfaced with a 
standard single-mode fiber. This low-loss coupling allows the measurement of high-fidelity photon 
production in an integrated silicon ring resonator and the subsequent two-photon interference of 
the produced photons in a closely integrated Mach-Zehnder interferometer. This paper describes 
the essential procedures for the preparation and characterization of high-performance and scalable 
silicon quantum photonic circuits. 
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS 

AIM Photonics American Institute for Manufacturing Photonics 
AlN Aluminum Nitride 
AFRL Air Force Research Laboratory 
CAR Coincidental-to-Accidental Ratio 
CW Continuous Wave 
DAQ Data Acquisition 
DoD Department of Defense 
FDTD Finite-Difference Time-Domain 
FPGA Field Programmable Gate Array 
FWHM Full-Width at Half-Maximum 
HOM Hong-Ou-Mandel 
MEMS Micro-electro-mechanical Systems 
mW milliwatt 
MZI Mach-Zehnder Interferometer 
N00N Quantum superposition state |N0> + |0N> 
PCB Printed Circuit Board 
PDK Process Design Kit 
PIC Photonic Integrated Circuit 
QPP Quantum Programmable Processor 
RIT Rochester Institute of Technology 
SEM Scanning Electron Microscope 
SFWM Spontaneous Four Wave Mixing 
SiN Silicon Nitride 
SMF Single Mode Fiber 
SPDC Spontaneous Parametric Down Conversions 
TE Transverse Electric 
TM Transverse Magnetic 
UHNA Ultra-High Numerical Aperture (Fiber) 
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