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ABSTRACT OF THE DISSERTATION

High-Quality Photon Pair Generation in Silicon Photonic Microring and Its Applications

by
Chaoxuan Ma
Doctor of Philosophy in Electrical Engineering (Photonics)
University of California San Diego, 2020

Professor Shayan Mookherjea, Chair

Compact, efficient, high-quality and scalable non-classical photon sources are one of the most
critical building blocks for quantum information processing and communications. Photon pair
generation via spontaneous four wave mixing is being recognized as an attractive platform for quantum
optics which is compatible with the rapidly-maturing classical integrated photonics technology using
silicon wafers, which is adopted in industry for its low cost, high performance and scalability.
Traditionally, the photon pairs generated from silicon photonic devices, however, have not compared
favorably with traditional nonlinear crystals in terms of overall rate, quality and efficiency. This
dissertation discusses the factors that affect the quality and efficiency of photon pair generation in silicon
integrated photonic microrings, together with their design and characterization. Furthermore, we show

XX



how the microrings can be integrated with other photonic devices on the silicon-on-insulator platform,
and using proof-of-concept experiments, discuss the feasibility of using these photon-pair sources with
technology that is already present in, or will soon be present in, practical fiber-optic networks, such as

integrated lasers and modulated classical data streams.
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Chapter 1
Introduction

On October 23, 2019, Google announced a demonstration that their quantum computer had
completed a test calculation in 200 seconds which would cost the most powerful classical supercomputer
10,000 years [1]. A heated debate was ignited on whether quantum supremacy had been achieved [2].
Nevertheless, it seems likely that quantum information science has finally come to the spotlight and the
pioneering efforts of basic-science researchers during the past two decades are now joined by applied
scientists and engineers, governments [3—6] and businesses [7] hoping to exploit an immense potential to

revolutionize the fields of computation, communication, simulation, sensing and metrology.

Similar to a classical “bit”, quantum information processing (QIP) uses a qubit, or quantum bit, as
the basic unit of quantum information. There have already been many physical realizations of qubit, such
as trapped ions [8-11] and atoms [12—15], quantum dots (QD) [16-18] , superconducting circuits [19,20],
defects [21] and photons [22-24]. While matter-based systems are most popular in industrial
demonstrations of quantum computing, they require milli-Kelvin temperature or high vacuum to minimize
matter-environment interactions to avoid decoherence issues. Photons, on the other hand, have very weak
interactions with transparent materials and among themselves, therefore do not depend harsh environmental
requirements. Better still, photons possess multiple degrees of freedom for information encoding:

polarization, path, time-bin, etc., which can be easily and finely manipulated.

With scalability and integrability, integrated photonic circuits are ideal platforms for these QIP
applications. Current quantum photonic technologies mainly focus on quantum computation and
communication for the profound economic and national security values. A relatively high integrability for
both applications has been demonstrated on chip [25-27]. Unfortunately, none of them has a true integrated
single photon source, which pumps, generates and processes the single photons entirely on chip. Ideally, a

true single photon source emits one photon every time it is triggered, have a high repetition rate. It may



require single mode operation, long coherence time, high indistinguishability between photons and purity
of states, depending on actual applications. In this chapter, we will look through the available single photon
generation technologies and show why photon pair generation in silicon photonic microrings might have a

fair chance in the competition.
1.1 Figures of Merit

1.1.1 General

Generation Rate / Source Efficiency / Brightness

Generation rate might be the most relevant feature of a light source, and is defined as the number
of photons/ photon pairs generated per second. A lot of works report generation rate in source, which reveals
the maximum potential of photon rates a light source can deliver, while others report the overall generation
rate that accounts for photon extraction, propagation loss and detector efficiency, which is what actually
delivers to the final application. For photon pair sources, pair generation rate (PGR) in source can be
calculated as

RsRi
Csi

PGR = (1.1)

where R;and R; are detected singles rates for signal and idler photons, and Cg; is the detected coincidence

rates between the two channels.

While generation rate might be more relevant to continuous wave (CW) sources, source efficiency
characterizes a pulsed source in a more straightforward way. It is defined as the probability of generating
more than one photon per pulse, which can be calculated as, in the limit of low multi-photon emission

probability: nsource = R/ fpump (R is the photon emission rate and f,,,mp, is the repetition rate of pump).

Another related parameter is the brightness, i.e., photon count rate per unit pump power per unit
frequency bandwidth (cps/nm/mW or cps/GHz/mW). In some of the sources [25,28,29], the photon

generation rate is proportional to the square of pump power due to the nature of the physical processes,
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hence the unit of the brightness becomes cps/nm/ mW? or cps/GHz/ mW? accordingly. This feature is
important since many applications requires highly indistinguishable [30] or involves strong interaction with
atoms or molecules [13,31] or includes components that are only functional in a limited bandwidth, thus a

high rate of photon generation into a narrow bandwidth is essential.

Second-Order Correlation Function

The second-order correlation function is the main feature to determine how “single photon” a light
source is. The second order correlation function between mode i at location r;, time ¢t and mode j at
location 7, time t 4+ 7 can be expressed as

(E; (ry, OF} (ry, t + DEj(ry, t + DE;(ry, )
(B; (ry, OF; (1, OXE; (3, ¢ + DE;(rp, £+ 1)

GEr, Tyt + 1) = (1.2)

For a single-mode CW light source and two equivalent measurement spots, g2(t) can be written

in a more compact form:

_(afma’(t +a + na))

N OTTO)E a®
At the special case of T = 0, it can be further simplified as:
52(0) = (a)(AR) — 1)) (14)

(A(0)?

Figure 1.1(a) shows the basic setup to measure g2(7), which is called Hanbury-Brown-Twiss (HBT)
interferometer [32]. Photons incident on a beamsplitter randomly choose one of the two outputs to exit and
detected by single photon detectors (SPDs). The intervals between the photon arrival times of the two
outputs are recorded by a time interval analyzer (TIA) or time tagger. A histogram of the time intervals

K(7) is then formed to show the distribution and can be converted to g2 (t) after proper normalization:

Npg(T; AT)

2 —
9°(1) = RARaTAT (1.5)



Where N,p is the total coincidences detected by the TIA, At is the time bin of the histogram and T is the

total integration time.

In most cases, g2(0) can be used to distinguish a single photon, anti-bunching source from a
classical one. For a perfectly anti-bunching source, there is no possibility that two photons arrive at the
same time, thus g2(0) = 0; for a coherent source whose arrival time interval between two consecutive
photons is completely random, thus g2(0) = 1; For thermal sources where photons tend to bunch together,

g%(0) > 1[33].

For photon pair sources, since the sense of “single photon™ is on the condition of heralding, this
definition has been adapted as heralded second-order correlation function g3 (). The measurement setup
is shown in Figure 1.1(b). Due to the complexity of acquiring the whole function, usually the zero-delay

value is calculated as

CapcR

) ABcRC
97(0) = ——— (1.6)

i CacCre

Where Capc denotes the triple coincidence rate of heralding and two heralded outputs, R stands for the
heralding count rate, Coc and Cgc are the coincidence rates between heralding and each heralded output

respectively.

(a) (b)
——————————— start -----1--{.) start
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Figure 1.1 (a) HBT interferometer setup to measure the second order correlation function g2 (7).
Photons enters the beamsplitter and exit from one of the outputs. The photons then are detected by
an SPD and the time interval between the arrivals of two consecutive photons are recorded by a TIA
and forms a histogram. For an ideal single photon source, no coincidence will be recorded for 7 =
0. (b) Setup to measure the heralded second-order correlation function gZ(z) for photon pair
sources.



Purity and Indistinguishability

purity evaluates how pure a quantum state is since quantum states can exist as superposition of
mixed states. While the density matrix of a pure quantum state can be expressed as ppure = |9){¢[, a mixed
state is a linear superposition of pure states pixed = X 2:i|@i)X{@;|. The purity of a quantum state can be

guantified as
P = Tr{p?} (1.7)

where p is the state density matrix. A pure state has a purity of 1, while that of a mixed state is less than 1,

with a lower limit of 1/N, where N is the dimension of the Hilbert space.

Many applications, such as long-range quantum communication [34-36] and linear-optic quantum
computing [26,30], involves quantum interference of two consecutive photons or those from separate
sources, thus require photons to be indistinguishable. The indistinguishability between two states, whose

density matrices are p; and p,, can be expressed as

1.
1(py,p2) =1— 7 1Py — Pz”2 (1.8)

In quantum mechanics, two quantum states are indistinguishable when their density matrices are
identical, thus the indistinguishability has a maximum of 1. For pure states p; = |1 ){¥4] and p, =
|, |, the indistinguishability becomes 1(py, p,) = [{(¥4[,)|? [37,38]. Indistinguishability is typically
characterized by Hong-Ou-Mandel (HOM) interference [39], as shown in Figure 1.2. If the two photons
incident on the two inputs of a beamsplitter is indistinguishable, then quantum interference transforms the

input states as
|1)1[1); = (R = T)|1)4|1), + iV2RT|2),|0), + iV2RT|0),|2), (1.9)

where R and T are the reflectivity and transmissivity of the beamsplitter. For an ideal beamsplitter where
R =T = 0.5, the two photons always exit from the same output, hence no coincidence recorded by the
detectors. In order to measure the visibility of the interference, the time delay z,, between the two input
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photons will be scanned and you obtain coincidences as a function of 7,,. In practice, the setup is usually
adapted to simplify the measurement for both pulsed [40,41] and CW [42]-excited photon sources. The
visibility of the interference is related to the indistinguishability as [37]

Tr{p?} + Tr{pz} — llp1 — p:II*
2

Viom = Tr{p,1p2} = (1.10)

Therefore

Viom < 1(p1, p2) (1.11)

And the two sides are only equal when the input states g; and p, are pure states. It should also be

noted that when the indistinguishability is guaranteed (9; = p2), Vyoum 1S €qual to the purity of the state.

Figure 1.2 HOM interference setup. If the two photons entering the beamsplitter are
indistinguishable (also in temporal mode), they always exit at the same output, hence no coincidence
at the detection side.

Entanglement

A particularly unique feature in quantum mechanics is quantum entanglement, where two or more
guantum states are correlated and cannot be decided independently. A measurement of one quantum state
will affect the state of the other instantaneously. Such entangled states are an important resource for
guantum key distribution (QKD) and communications protocols [34,43-47], quantum repeaters [35],
guantum memories [31,48,49], and schemes for quantum computation [50-53] . Photons can be entangled
in many dimensions, such as polarization [34,44,49] and time-bin [28,43,48], which makes photons an ideal

candidate for entangled sources. The most used is polarization entangled photon pairs, as polarization of



photons can be conveniently manipulated and measured. The degree of polarization entanglement between

the twin photons are usually proved by measuring their density matrix via quantum state tomography.
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Figure 1.3 (a) Franson interferometer for time-energy entanglement measurement. Both photons in
a pair has 50% chance of entering short and long path. The probabilistic amplitudes of |s, s) and
|I, ) interfere at zero delay, which forms a coincidence peak with a height corresponding to the sum
of phase on each UMZI’s arm. (b) There will be three peaks on the histogram. The first and third
peaks are formed when the two photons do not arrive together (one takes the short path and the other
takes the long path). The central peak is formed by the interference of states |s,s) and |I,[). This
figure shows the constructive interference. (c) Destructive interference of the states |s, s) and |1, 1).

Another common choice, time-energy entanglement, is measured by two-photon Franson
interference [54] as shown in Figure 1.3(a). The signal and idler photons enter each unbalanced Mach-
Zehnder interferometer (UMZI). Each photon has 50% chance of entering the short and long paths
respectively. Therefore, there are four combinations of the paths the photons will take: |s, s), |, 1), |s, 1),
|1, s), where s means the short path and [ the long path. In the histogram for time intervals between the
twin photons, as shown in Figure 1.3(b), there will be three peaks: the first from |, s), the last from |s, [},
and the central peak from states |s,s) and |[,l). The probabilistic amplitudes of [s,s) and |, ) then
interfere with each other on the conditions that the path difference between the arms of UMZI is shorter
than the photons coherent length. On the other hand, for it to be measurable, the path difference should be
long enough for the three peaks to resolve, since the timing jitter brings a width to the coincidence peaks
and they may overlap if the path difference is too short. The number of coincidences in the middle time slot
(corresponds to states |s, s) and |, I)), will be a function of the sum of phase on both UMZIs, which forms

an interference fringe and its visibility quantifies the degree of time-energy entanglement of photons. A



coincidence fringe visibility higher than 71%, which violates the Bell inequality [54,55], is sufficient to

prove the entanglement of the state.

1.1.2 Photon Pair Specific

Coincidences-to-Accidentals Ratio

For photon pair sources, the coincidences-to-accidentals ratio (CAR) is the quantum optical version
of signal-to-noise ratio of classical signal. Since SPDs sometimes randomly click without the actual
detection of photons (dark counts), there are “accidental” coincidence counts which do not reflect the
generation of photon pairs at the source. They can be distinguished from the true coincidences by an analysis
of the temporal distribution of such events, which differs substantially from that of the true coincidence
counts. Such accidental coincidences might also form because of a coincidence between broken pairs, i.e.,
one of the “truly paired” photons is lost in propagation or non-unity detection efficiency, and a coincidence
is instead detected by the electronics with another photon that happens to be delayed from the original pair
by only a short time delay. The probability of such events increases as the detection time window is
increased. Furthermore, added optical noise (photons) from the pump’s amplified spontaneous emission
(ASE) also can generate accidental coincidence counts, since the detectors are wavelength-agnostic, within
a certain optical passband (at least several nanometers or tens of nanometers of wavelength wide). All these
accidentals are unwanted “noise” that contaminates the real coincidences, and thus, a figure of merit, CAR,

is defined as

Cec—C
CAR = =% (1.12)
Cacc

where C.. and C,.. are the raw detected coincidences and accidental coincidences, which can be calculated

as
Cec = Rpairnins (1.13)

Cace = AT[(R; + Ryi)ni + D;i][(Rs + Rus)1s + Ds] (1.14)



Here, Rpair is the extracted photon pair rate immediately after the source; R; (Rs) is the extracted idler
(signal) photon rate out of the source; n; (n;) is the channel efficiency for the idler (signal) photons, which
may include the channel propagation loss and detector efficiency; D; and D are the detectors dark count
rates. If we compare Eq. (1.5) and Eq. (1.12)-(1.14), we can find that g%(0) = 1 + CAR. In the limit of

g% » 1, g4(0) =~ CAR.
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Figure 1.4 (a) CAR measurement setup. The photon pair is demuxed and each is detected by an
SPD. The time intervals between the two channels consecutive photon arrivals are recorded by a
TIA and binned into a histogram. (b) The histogram showing the distribution between two
consecutive photons’ arrival times. For photons from a single pair, since they are generated
simultaneously, the delay should be zero. With enough photon pairs, a peak will rise at zero delay,
whose width corresponds to the timing jitter of detectors. At the same time, accidental counts are
random, and form a background floor in the histogram.

Figure 1.4(a) shows a typical experimental setup for measurement of CAR. The time intervals
between the clicks of the two detectors are binned into a histogram, where, as the measurement progresses
with time, a peak in the coincidence counts will rise above the noise floor at the time bin which corresponds
to the time delay between the arrival time of the two photons. The histogram floor is lifted by accidental
coincidences, as shown in Figure 1.4(b). In practice, the peak has a width which corresponds to the timing
jitter of the detectors, but is sometimes masked by the larger, minimum bin-resolution of some time-to-
digital converters (TDCs) (e.g., the quTAU module has a minimum bin width of 81 ps, which is
significantly larger than the timing jitter of typical NbN superconducting nanowire single photon detectors

(SNSPDs), 20-30 ps full-width at half-maximum (FWHM)).



Heralding Efficiency
Heralding efficiency, or Klyshko efficiency, is defined as the probability of detecting another
photon in the pair on the condition of heralding, which can be given as

Ccc - Cacc

™ (1.15)

h =

where Ry, is the heralding rate. Although signal and idler photons are always generated together, several
things must happen in sequence for the heralded photon to be detected. First, the herald photon has to be
extracted out of the source. Second, the herald photon needs to survive the propagation loss between the
source and detector. a high chip-to-fiber (or chip-to-free space) loss results in most photons being lost at
this stage. Third, the SPD has a less-than-unity detection efficiency [InGaAs single photon avalanche diodes
(SPADs) are significantly worse than SNSPDs at telecommunications wavelengths]. Therefore, the

heralding efficiency, or Klyshko efficiency, can be calculated as

h = NpNoptNdet (1.16)

where np is the preparation or extraction efficiency from the source, 74, is the transmission loss between
source and nqet is the detection efficiency of the SPD. In addition, there can be other factors, such as the
reset time of the detector after a photon detection event occurs, following which the detection event does
not immediately recover, but only gradually does so, following a build-up curve that can last several tens
of nanoseconds for superconducting SPDs. InGaAs SPADs are operated with a hold-off of tens of
microseconds in order to reduce the probability of after-pulsing. These effects can cause a rate-dependent

detection efficiency.
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1.2 Types of Single Photon Sources

Ideally, a single photon sources should emit exactly one photon on demand and its emission rate
can satisfy the applications requirements. The photons are emitted into a well-defined mode, which can be
are easy to collect into a fiber or waveguide and deliver to the intended destination e.g., an interferometer
or a detector. There are many realizations of single photon sources, which can be generally divided into

two categories: probabilistic and deterministic.
1.2.1 Weak Laser Pulses

The earliest single photon sources are emulated by weak laser pulses, which are attenuated to an
average of single-photon level in each pulse (usually < 0.1 to suppress multi-photon emission). Light
emitted from a stable single-mode laser can be well approximated by a coherent state

la) = '%Z% (1.17)

And the photon number in each pulse follow the Poisson distribution

e Hut

P(n) = n!

(1.18)

where u is the mean photon number per pulse. Despite a pseudo single photon source, it is still widely used
in many practical demonstrations of quantum communication links [36,56] and commercial systems [57,58]

due to its reliability, high repetition rate, economical cost and easy operation.

1.2.2 Deterministic Sources

Deterministic sources emit one single photon at a time. There are two categories of these sources:
single emitter and ensemble-based systems. In these systems, single photons are generated when individual
particles or ensemble systems transition between energy states, which ensures no more than one photon can

be produced at one time. Single emitters use single particles, such as atoms [59-62], ions [62-64],
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molecules [65,66], color centers [67—70] and QDs [71-73]. While these sources are closer to ideal single
photon sources, they require more complicated preparation schemes and stringent environmental
requirements compared with other photon sources: (1) It is critical for most single emitter systems to ensure
that only one particle is trapped as to avoid multiphoton emission; (2) The generation process or tests of
photons in systems, like atoms [59-62], ions [62-64] , QDs [71,72] and molecules [65,66], involve harsh
conditions like cryogenic temperatures; (3) While the nature does an extraordinary job of making natural
particles like atoms, ions and molecules identical, man-made QDs and color centers are not exactly the
same, which degrades the indistinguishability of photons and limits the scalability of systems; (4) Unless
strongly coupled to a cavity, the spatial mode of these systems are poorly defined, which results in a low
collection efficiency. Unfortunately, it is inherently difficult for some systems like charged particles to do
s0; (5) Limited trapping times of atoms and atomic motion in an ensembled system [74,75] makes it hard

to obtain highly coherent photons, which is critical for many applications.

It is also important to note that deterministic sources do not guarantee a unit probability of emitting
single photon at every trigger. There are a number of mechanisms: transitions that trap the particles in a
nonradiative state, non-unity collection efficiency and detection efficiency. Thus the “deterministic”

sources become probabilistic.

1.2.3 Photo Pair Sources

Photon pairs are arguably the most practical sources for entangled photons, which are essential for
many applications like quantum communications [34,35,43,48,76,77] and quantum computing [22].
Photon pairs are typically generated from nonlinear crystals through spontaneous parametric down
conversion (SPDC) [29,78-81] or spontaneous four wave mixing (SFWM) [25,28,82,83] in a probabilistic
manner. Despite the probabilistic nature of their photon statistics, the two photons in a pair are always
generated simultaneously thus can be used as a heralded photon source [76] (one of the daughter photons
is used to herald the arrival of the other). Another approach is to use photonic cascades from atoms [77,84]

or QDs [85-87], which generates photon pairs in a “deterministic” way (i.e., N0 more than one photon pair
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is generated at a time). But this approach is still in an early development stage and not yet ready for practical

applications.

SPDC is the standard nonlinear process used to generate photon pairs, which relies on the y(®
nonlinear materials such as KDP [37,88] , BBO [80,81,89,90], lithium niobite (LiNbO3) [29,78,79,91,92].
In this nonlinear processes, one pump photons annihilate and give birth to two daughter photons at

degenerate or non-degenerate frequencies under the conservation of energy (w, = w;+ ws) and

momentum (ﬁp = ﬁi + ﬁs). One of the disadvantages of SPDC is that it is hard to engineer the dispersion
property of the materials, thus the wavelengths of the photons are restricted by the material property except
for very limited control from temperature. To overcome the drawback, researchers have come up with an
approach called “periodic poling” [93], which periodically inverts the polarity of crystal domain to achieve
guasi-phase matching between pump photons and generated photon pairs. This method allows the flexibility

to tailor the wavelengths of photon pairs.

Recent years has seen a growing interest in SFWM (¥ nonlinear process) which can be optically
excited in silica (dispersion shifted fibers [94], photonic crystals fibers [95]), silicon [25,28,83] and silicon

nitride [82]. In SFWM, two pump photons annihilate and produce two daughter photons under the
conservation of energy (2w, = w; + ws) and momentum Zﬁp = Ei + ﬁs. The theory model of SFWM is

discussed in Chapter 2 . The media of SFWM, however, provides a convenient platform to collect and

transport photon pairs in optical networks and integrated photonic circuits [27,47].

Waveguide devices have been extensively used to generate photon pairs via SPDC and SFWM.
The process benefits from the devices in the various aspects: (1) Waveguide devices are much more
compact than bulk crystals and fibers, thus enables scalability of photon sources; (2) Waveguides can be
engineered to support single mode operation, which improves the indistinguishability, purity and
factorability of the states. A single spatial mode also improves the collection efficiency of photons

compared with those bulky nonlinear crystals where photons are typically generated in multimode cones;
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(3) Dispersion of the waveguides can be engineered by varying waveguide dimensions, hence more
flexibility in the selection of photon wavelengths; (4) Optical modes have a much smaller effective mode

area, which greatly enhances the effective nonlinear coefficient

21Tn2

y = (1.19)
ApAeff

This is a determinant of generation efficiency of photons, which is affected by the nonlinear

refractive index n,, pump wavelength 4,, and optical effective mode area A.;. A simple waveguide,

however, has a broad emission spectral span (typically from one to tens of nanometers) which lacks
brightness, coherence and purity. To circumvent this problem, it is straightforward to use a very narrow
bandpass filter. The resulting spectrum of photons, however, is then subject to availability of these
narrowband filters with a low insertion loss. Commercial narrowband filters typically have a bandwidth
ranging from 0.1 to several nanometers, with the disadvantages of high cost and limited scalability. On-
chip integrated filters might be another option. However, the feature of narrowband never comes as a free
meal but usually at an expense of higher insertion loss. Another approach to achieve narrow bandwidth of
photons is to build the nonlinear crystal into a relatively high-Q micro-cavity [25,82,83]. Spectrally, the
photon pairs modes need to overlap with the cavity modes to be generated. Thus the cavity itself is serving
as a narrowband filter, which, if properly designed, usually gives a smaller bandwidth than filters. In
addition, the pump intensity is significantly enhanced in the cavity through resonance, which results in a

much stronger nonlinear process.

Given that, silicon integrated photonics has seen a good opportunity to implement the photon pair
source. Except for all its well-known advantages such as complementary metal-oxide—semiconductor
(CMOS) compatibility, low-cost, integrability and scalability, silicon has a very strong x®) nonlinearity as
a material. The large index difference between silicon and its native oxide (SiO2) provides a strong
confinement of the optical mode, which results in a very high nonlinear coefficient. Not to mention its large

device library thanks to the extensive research in the past two decades, which facilitates the transport and
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manipulation of the photons. Long waveguides can be easily and compactly realized on the silicon-on-
insulator (SOI) platform [27,96,97], which is transparent in the fiber-optic telecommunication bands of
1310 nm and 1550 nm. As a result, the photons can be efficiently collected by fibers and transmitted in the
optical networks. Silicon photonic devices can be integrated with lasers [98], detectors [99] and micro-
electronics for future integrated systems. To achieve narrowband photons, silicon photonic resonators can
be engineered to achieve a very high quality factor (Q-factor) and a compact footprint [25,83]. The
microring provides simultaneous resonances for all three frequencies (pump, signal and idler wavelengths)
across adjacent free-spectral ranges with a tight constraint on the narrow bandwidth dictated by the high Q-
factor resonance, which improves the generation rate substantially compared with a long silicon waveguide.
There are two common types of resonators on this platform: microdisks and microrings. A microdisk
usually consists of a disk sitting on a pedestal and coupled to a fiber. The fiber-resonator positioning
challenges of the undercut microdisk structure [83] suggest that the microring device may be easier to
package and use practically. On the other hand, the approach of [83] also presents an opportunity to
optimize the resonator coupling coefficient for a particular application, e.g., improving heralding efficiency

insitu, which is not possible in microrings.
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Table 1.1 Comparison of single photon sources.

it T 2 a 2¢0\b c
Statistics Pump (K) (nm) Rp BW Ne g-(0) CAR  Vuom® Ve Refs
WCP - vis-  GHz <0.1¢
P 300 MIR GHz 1 - 1 - -
Single emitter
Single atom (*Rb) in cavity D o = 780 100kHz 10 MHz 0.0406 0.0277 - - - [59]
- et .
Single atom (*Rb) in cavity 0o = (;gg) 10kHz 56MHz 034 (056) - - 064 - [60]
Single atom (Cs) in cavity D O =0 8524 100kHz 8.4MHz 0.024 0.0018 - - [61]
Single ion (***Ba*) D O =~0 493 200kHz - 0.0556 0.0019 - - - [62]
Single ion (*°Ca*) in cavity D O =0 866 10MHz 2.4MHz 0.08 1.6x107 [64]
singleion (“Ca’)incavity D O =0 866 24kHz Opc 088  33x10° [63]
1 €’
Single molecule (DBT) D O 3 7856 50MHz Tﬁ:g 0.48 0.08 - - [65]
_ Single molecule (ZnPc) in D E 8 6539 -  329THz  0.003/e 0.12 [66]
cavity
D O 4 9267 82MHz - 0.325 0024 - %\;? -
QD (InGaAs) 0,996 [71]
D 6} 4 926.7 82MHz - 0.16 0.0028 - (M) -
QD (InAs) D O 5 9152 76MHz - 0.72 <0008 - - [72]
QD (GaN) D O 300 291.6 80MHz 871THz  0.0063 0.13 - - - 73]
Color centers (SiV) D O 300 738 CW  275THz 370 kHzZ/mwW 0.7 - - - [70]
Color center (NV) D O 4 637 10 MHz T\/Ill-?o 0.46 0.24 ) ) - 67
z
Ensemble
Rb D 0} 300 780 4.1GHz 1.7GHz 0.04 0.21 - - - [75]
Photon pairs
SPDC
PPLN (waveguide) P O 300 1310 CW  87.4GHz 26.2 MHz/mW - - 099 0.99 [78]
PPLN (thin film) P O 300 1550 CW 97.5GHz 44 MHz/mW  0.044 6000 - - [29]
AIN (microring) P O 300 1550 cw 1.1GHz 5.8 MHz/mW 0.088 300 - - [79]
SFWM
Si (Waveguide) O 300 1550 100 MHz - 0.04 (0.0013) - 20(200) 0.96 [28]
S , 011 12105
Si (Microring) O 300 1550 CW  3.75GHz 149 MHz/mW (0.0053) (532) 0.98 [25]
SizNg (Microring) P O 300 1550 CwW 445 MHz 0.52 MHz/mW? - 3780f 0.98 [82]

Rp: pumping rate; BW: bandwidth; .: emission efficiency; Vg: Franson interference visibility.

2 The emission efficiency excludes propagation loss and non-unity detection efficiency

b For photon pair sources, it’s g&(0)

¢ The indistinguishability is represented by modal overlap if denoted by “M”, otherwise HOM visibility.
d For laser pulses with an average photon number below 0.1

¢ DBT: dibenzoterrylene

fHighest CAR achieved with a photon pair detection rate of 1200 cps.
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1.3 Organization of the Dissertation

The dissertation discusses the design and capability of a silicon photonic microring resonator to
produce high-quality single photon pairs, and their integrability and potential in practical applications. The
dissertation is organized as follows: Chapter 2 revisits the current theory model of SFWM in photonic
microring resonators and discusses its limitations. A new model was established to include the impacts of
more factors, e.g. two photon absorption (TPA) and free carrier absorption (FCA) and thermo-optic effects.
The capability and the limits on the quality of photon pairs generated by silicon photonic microrings are
then investigated. Chapter 3 shows the demonstration of using a silicon photonic microring to generate
record-high quality photon pairs with high brightness, high CAR and low g2(0). Chapter 4 demonstrates
the feasibility of integrating silicon photonic microring photon pair source with an on-chip hybrid silicon
laser. Chapter 5 presents proof-of-principle demonstrations of using the photon pair source in optical
networks with technologies such as demultiplexing of 1310 nm and 1550 nm telecom bands and pumping
with modulated classical data streams. Chapter 6 reports on significant progress towards the ultimate goal
of a fully integrated silicon microchip for generating entangled photons with multiple stages of tunable

optical filtering on the same chip as the pair generation resonator.
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Chapter 2
Photon-Pair Generation with Two Photon
Absorption and Free Carrier Absorption

Photon pair generation in silicon microring resonators using the process of SFWM is being
recognized as an attractive platform for quantum optics and quantum communications using information
encoded onto single photons [100-102]. From a technology viewpoint, these devices are compatible with
the classical integrated photonics technology fabricated on large-area silicon wafers, which is being rapidly
adopted in industry for its low cost, high performance and scalability. However, it has been known from
the early days of silicon photonics that, at higher levels of pump powers, especially in the CW regime,
silicon photonic devices suffer from not only thermally-induced spectral shifts (which can be compensated
by feedback-stabilization to the laser) but also nonlinear impairments such as nonlinear TPA and FCA,

which cannot be eliminated, even with carrier sweepout schemes [103,104].

The process of SFWM is itself a nonlinear optical process; however, the “nonlinearity” that is
referred to in this chapter is a specific regime of operation that, at the modest levels of pump powers that
are typically required for photon-pair generation, is more often encountered in silicon micro-resonator
devices. In silicon waveguides, the optical effective mode area Aes, is typically in the range of 100 — 200
W.m [105-107], which is inversely proportional to the effective nonlinearity as defined in Eq. (1.19). A
simple waveguide, however, has a broad emission spectral span (typically from one to tens of
nanometers) [108,109] which lacks brightness, coherence and purity, unless followed by a narrow bandpass
filter. The resulting spectrum of photons, however, is then subject to availability of these narrowband filters
with a low insertion loss. Narrowband filters typically have a bandwidth ranging from 0.1 to several

nanometers, with the disadvantages of high cost and limited scalability [110,111].

In contrast to waveguides, integrated micro-resonators incorporate the nonlinear segment into a

relatively high-Q micro-cavity, thus greatly increasing the nonlinear interaction length between the pump,
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signal and idler frequencies without increasing the device footprint on the chip [112,113]. Spectrally, the
pump and photon-pair modes need to match with the cavity modes; however, very stringent dispersion
engineering is not required in typical silicon waveguides around the wavelength of 1550 nm since the group

index of refraction is approximately constant, and all the wavelengths are fairly close to each other.

Obviously, the pump intensity is significantly enhanced through resonance, which results in a much
stronger nonlinear process. Moreover, the cavity itself serves as a narrowband filter, which, if properly
designed, can operate with a smaller bandwidth than external filters, since no “margin” needs to be reserved
to keep separate structures aligned through experimental temperature fluctuations. This integrated approach
can result in a substantial increase in the overall brightness of pair generation, but the locally-increased
intensity of the pump beam, as seen by the silicon material, leads to a number of different physical
phenomena brought into play, which result in easily-visible characteristics of the (high pump-power

induced) nonlinear regime [114].

In the following sections, we will model the SFWM process with a continuous-wave pump beam,
which models a number of recent experimental reports [115-119]. In contrast, waveguide SFWM or SPDC
experiments typically shape the pump beam into ultrashort pulses, in order to match the very wide phase-
matching bandwidth. For SFWM in silicon microresonators with a fairly narrow passband, pulse widths
less than about 50 ps are rarely required, and thus, the CW (or quasi-CW) regime is a useful analytical and

numerical approximation to help elucidate the complicated dynamics in the high-power regime.

The pair generation rate (R) in photonic resonators under CW pumping can be calculated by using

the following equation [113]:

R = Av[yP™ LI 2sinc? (007 Lt yPrOL) 2.1)
where Av is the FWHM of the ring resonance, y is the effective waveguide nonlinearity, g, is the group

velocity dispersion (GVD) coefficient of the waveguide at pump wavelength, Aw is the pump-signal (idler)
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angular frequency separation, P, LS and Lgg resonantly enhanced parameters when unfolding the

resonator to an equivalent waveguide:

/1 2
PI‘ES(A) — P X 1 - rz X (ﬁ) (2 2)
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(}L - Ap) + (E)
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Where P, is the input pump power in the access waveguide, 4, is the pump wavelength and « is the

waveguide propagation loss of the pump, F and Q are the finesse and Q-factor of the resonator. For an all-

pass resonator, we have

F=Y7 (2.5)
1—ra
B nngL\/ra
Q B Ares(l - ra) (26)

where r is the (amplitude) self-coupling coefficient, a = exp (—aL/2) is the amplitude round-trip

transmission of the cavity, n, is the group index of refraction of the waveguide.

2.1 Photon-Pair Generation and Nonlinear Impairments

In practice, however, Eq. (2.1) does not include all the factors that affects photon pair generation
in a resonator cavity. Since these resonators [25,83,120] are usually designed to have a high Q-factor
(~1x 10* — 1 x 10°) in order to enhance the pump power intensity and thus source efficiency, a series
of linear or nonlinear processes can be induced by the high intensity in the cavity. Figure 2.1(a) shows a

classical measurement of resonator (disk) spectra at different input power levels. The power was recorded
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when a tunable laser was swept from short to long wavelengths. The lineshape and position of the resonance
was obviously changed with the input power level. The asymmetric lineshape under the swept-wavelength
scanning indicated thermal bistability, which makes the photon pair source hard to stabilize. These
behaviors of the silicon microring under high input powers are a combined consequence of TPA, FCA, free

carrier dispersion (FCD) and thermo-optic effects [121], which will be explained in the following sections.
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Figure 2.1 (a) Experimentally measured silicon microring resonator spectra, measured using a
swept-wavelength tunable laser, at different input power levels. As the input power scales up, the
resonance red shifts and extinction degrades. (b) Some of the physical processes impacting pair
generation in a silicon photonic device when the pump power is high, which involves two photon
absorption (TPA), free carrier absorption (FCA), free carrier dispersion (FCD) and thermo-optic
effect.

2.1.1 Two Photon Absorption

The refractive index difference between silicon (the waveguide core) and silicon dioxide (cladding)
provides for a strong optical mode confinement in silicon nanophotonic waveguides. The local intensity of
light is further increased by the feedback effect in cavity-based devices, when the pump wavelength matches
the cavity resonance. For photon pair generation, this enhancement is a boon in terms of the generation
efficiency at low pump power, but has the (obvious) consequence of inducing TPA at high pump power
level. TPA occurs when the sum of two input photons’ energy is higher than silicon’s bandgap (1.12 eV)
and the local optical intensity is high, thus resulting in a high probability (per second) of optically-induced

carrier excitation events across the bandgap, leading to absorption of the pump light, and typically,
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generation of heat. Photons that are absorbed also generally create a free carrier, as indicated schematically
in Figure 2.1(b). The strength of TPA is described by a coefficient Brpa = [37/(cgoA\n3)]Im{y ®} [122],

which depends on crystal orientation and wavelength. The loss induced by TPA can be calculated as

arpa = Prpal 2.7)

where I is the optical intensity. In a high-confinement waveguide, the average TPA loss across the spatial

variation of the mode intensity profile can be expressed as

_ Jg; Brpal>(r)dA  BrpaPres
arpa = ~ 2
S, 1()dA eff

(2.8)

For SFWM in silicon photonic devices, TPA manifests itself as a fairly strong propagation loss of
the pump power, especially when reverse-biased carrier sweepout is no longer able to extract the photo-
generated carriers [123] and a significant reduction in the interaction length (i.e., number of round trips that
the pump light makes in a resonator). This is rarely a beneficial effect and, intuitively, not of any benefit
for SFWM. Thus, it is reasonable to suppose that SFWM in silicon micro-resonators should exclusively be
performed at low optical pump powers, lest there be a steep roll-off in performance at higher pump

powers [124]. However, the results shown here suggest that such intuition is only partially correct.

2.1.2 Free Carrier Absorption and Free Carrier Dispersion

Free carriers are generated by TPA and cause subsequent effects including FCA and FCD. The free
carriers generated by TPA can be described by a Drude-like model [125,126]. After the carriers are
generated, their spatial density profile is redistributed by diffusion. To simplify the model in our analysis
here, we neglect the longitudinal diffusion of carriers along the pump propagation direction, and we only
consider lateral diffusion in a waveguide cross section. The time-dependent carrier density in a silicon

waveguide can be expressed as [127]
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AN Brpal? D,aZN N

= 2.9
dt 2hv 0°x T, (2.9)

where N is the carrier density, hv is the photon energy, D' is the effective diffusion constant of the free
carriers and 7. is the effective carrier recombination time. For CW pumping, dN/dt = 0 and, further
setting 2N /d%x = 0, the steady-state carrier density can be written as [128]

_ Brpal®to

N = 2.10
2hv ( )

These free carriers result in both a waveguide loss and a plasma dispersion effect, which is related

to the induced carrier density by [125]

o e3p ANe ANy \ _ o (2.11)
Arc = 4‘7T2C2£0n mgeﬂe mgh‘uh g (Z’ ) l
e?)> (AN, AN
Anpe = — ( o h) ~ —8.2 x 1072222N(z,t) (2.12)
87T2C250n Mee  Mep

A(nm)

2
1550) is the FCA cross section area. The average FCA induced loss is

where ¢ = 1.45 X 107 17[cm?] (

then calculated as

Jsi oN(z, OI(r)dA _ 0Prpate (PT%)?
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where A g is an effective area defined as

2
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2.1.3 Thermal-Optic Effect

The loss mechanisms including TPA (atpa), FCA (arc) and material absorption («,,) also result in
a temperature increase in silicon waveguides (and, obviously, resonators), which in turn causes an index

change of the optical mode via thermo-optic effect:

an =32 a7 (2.15)
n—dT .

where dn/dT for silicon is quite high (~ 2x10* K) compared to other materials. The time-dependent

temperature change induced by TPA can be expressed as

dAT _ (aTPA + agc + (Im)l AT
de PsiCsi Tth

(2.16)

where py; is silicon’s mass density, C; is the specific heat capacity of silicon and ty, is the heat dissipation
time. For complex, multi-layer devices, computational models are being investigated which can solve for
the steady-state temperature distribution efficiently [129]. Here, under CW pumping when dAT /dt = 0,

the temperature shift of the device is calculated using

Ten (@rpa + ape + a) Teh (Breal (2, t) + apc + ap,)

AT(z,t) = I(z,t) =
(20 PsiCs; 1) PsiCs;

I(z,t) (2.17)

2.1.4 A Numerical Model for SFWM in Microrings

The optical characteristics of the resonator cavity are driven by the input power Py, which causes a
change in the resonantly enhanced quantities: P™, L g, LS. A full spatio-temporal numerical solution is
too complex and slow to be useful for obtaining insights. Our key simplifying assumptions are: (1) The
wavelength of the pump is always positioned at the resonance (in practice, this is achieved by monitoring
for the resonance); (2) The absolute change in the waveguide refractive index, which is induced by the

steady state contribution of the combination of the Kerr nonlinearity, the FCD and the thermo-optic effect,
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can be neglected since it can be compensated for, by an active control circuit using thermal tuning of the
microring [130,131]; (3) Due to (2), the change of waveguide-cavity coupling strength is negligible; (4)
For a fair comparison between sources with different bandwidths, the photon pairs will be filtered by a 1-
nm (approximately 100 GHz) bandwidth optical filter (assumed to have no insertion loss) which will ensure
the spectral purity of the photons. (5) Photons are transmitted in loss-free channels and detected by SPDs

with a detection efficiency of 95%, comparable with state-of-the-art superconducting SPDs.

Then the total loss in the cavity is now a combination of material absorption (a,,), TPA (atpa) and

FCA (a’Fc):
Apotal = —(@rpp + apc + ) (2.18)

According to Eqg. (2.2), we have

_ P51 —ra)?

Py = 2.19
0 1—7r2 ( )

Note that the round-trip amplitude transmission a is a function of P'®S, which makes the right side
of the equation to be monotonic function of P®s. Eq. (2.19) can be numerically solved and the cavity loss
can also be determined. The photon PGR can then be calculated using Eg. (2.1), which quantifies the intra-
cavity generation rate. The extracted (i.e., output) PGR also includes the extraction efficiency, i.e., the
fraction of the photon pairs which are coupled out of the microring into the bus waveguide. We approximate

the on-resonance extraction efficiency as [83]

1+

3

(2.20)

where T, is the transmissivity at resonance, the plus and minus signs correspond to over-coupled and under-
coupled conditions. The probability of coupling both photons in a pair out of cavity is 77;2)- Note that the

number of extracted photon pairs is less than the extracted idler or signal photons, i.e., photon pairs are
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broken due to the non-unity extraction efficiency. These photons remaining out of broken pairs may later

contribute to the accidental coincidences if they propagate all the way to the SPDs.
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Figure 2.2 (a) Schematic drawing of an optical ring resonator, where r and x are the electric-field
amplitude transmittance and cross-coupling coefficients of the waveguide-cavity coupler,
respectively. (b) Optical mode profile (magnitude) for a transverse-electric (TE) mode in a typical
single-mode silicon rib waveguide. The waveguide cross section is 220 nm thick and 500 nm wide,
with a slab height of 70 nm.

We simulated a silicon photonic microring whose cavity consists of a rib waveguide with a radius
of 10 um. The SOI platform has a 220 nm-thick silicon layer sandwiched between buried and cladding
oxide. The rib waveguide is 500 nm wide with a slab height of 70 nm. This is a typical design of single-
mode silicon waveguide which, unlike a fully-etched waveguide, can be heated efficiently by contacting a
section of the (high-resistivity) slab at some distance safely off to the side of the optical mode with metal
vias and traces, and driving an electrical current. The optical mode was calculated using the finite-difference
eigenmode solver in Lumerical Mode Solutions™; a representative mode is shown in Figure 2.2(b). The

characteristics of the optical mode and other relevant parameters are listed in Table 2.1.
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Table 2.1 Values of relevant parameters used in calculations

Parameters | Value
an 0.7 dB/cm
Aesr 0.171 pm?
Al 0.124 pm?
GVD -1223 ps/nm-km
Nefr 2.53
ng 4.0
n, 6x10%8 m2/wW
Brpa 0.8 cm/GW [105]
T¢ 0.8ns
Tth 1 ps
dn/dT 1.84 x 10*/K
Cs; 705 J/(kg-K)
Dsi 2.3x10°% kg/m?
Ndet 0.95
D 100 Hz
Laser SSE? Ratio 60 dB/nm
At 10 ps

Based on the numerical solutions, the change in the cavity is shown in Figure 2.3. Here, we
simulated a microring resonator with a coupling strength |«|? of 0.01. Initially, the waveguide was assumed
to have a linear propagation loss of 0.7 dB/cm, which typically includes the loss contributions from material
absorption, waveguide bending and scattering due to the roughness of waveguide walls. The Q-factor of
the ring was then calculated to be 9.2x10% As the input power scales up, TPA was observed to become
more significant, as expected, and both TPA and TPA-induced FCA increase. For input power higher than
about 0.37 mW in our simulations, FCA was observed to take over as the dominant loss mechanism. This
results in a reduced cavity loaded Q-factor, which drops quickly once FCA dominates the cavity loss, as

shown in Figure 2.3(b).

In the same figure, we have shown how the intracavity resonant power scales with the input power.

While the intracavity power scales linearly in a TPA-free cavity as shown in blue dashed line (the resonant

@ SSE: sidemode suppression ratio
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enhancement factor is constant), the benefit of increasing input power becomes smaller in a nonlinear cavity

for the high-power regime, as a consequence of the degraded loaded Q-factor.
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Figure 2.3 Change inside the microring cavity consisting of waveguide shown in Figure 2.2(b),
assuming a constant (amplitude) coupling strength in the coupling region of 0.01. (a) Loss
composition as a function of input power. To start with, there is linear absorption losses such as
material absorption loss and scattering loss. As the input power increases, TPA produces free
carriers which induce FCA. FCA becomes dominant at high input power levels. (b) Intracavity
resonant power and Q-factor of the cavity as a function of input power. The blue dash line is the
resonant power in an ideal linear cavity. The blue solid line is the power inside a nonlinear cavity.
As the input power increases, Q-factor of the cavity degrades, and the resonant enhancement effect
is not as strong. The rate gap between a nonlinear and linear cavity widens.

2.2 Pair Generation Characteristics in the Nonlinear Regime

PGR reflects the trend shown in Figure 2.4. In a TPA-free cavity, PGR as a function of input power
exhibits the same trend as PGR as a function of |x|? [113], i.e., the increasing intracavity power increases
the self-phase modulation (SPM) term in the phase matching ‘sinc? term in Eq. (2.1), hence leading to the
multiple dips in the high power regime. In practice, the optical power would have to very carefully adjusted
and stabilized, in order to not result in significant swings in the PGR. (Long integration times in an

experiment will typically average out these fluctuations, but result in a low average rate, overall.)

In a nonlinear cavity, TPA and TPA-induced FCA prevent the intracavity power to scale with the
input power as fast as in a linear cavity, thus the change in the SPM term has been slowed down significantly.
In fact, with these simulated values of the key parameters, the first dip of the phase-matching term does not
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appear within the reasonable pump power regions (< 1W). In this respect, these loss mechanisms have
actually stabilized the cavity for pair generation, which would otherwise have been highly sensitive to the
input power level and exact value of the waveguide-cavity coupling strength |x|2. Of course, this benefit
comes with some penalty in PGR, relative to what could have been achieved if nonlinear loss was absent.
Moreover, the extraction efficiency is also decreased when the coupling condition goes from over-coupling
to under-coupling, which can impact the heralding efficiency. Nevertheless, since nonlinear loss cannot be
avoided in silicon, the stabilization is expected to be of considerable benefit practically. Furthermore, the
predicted PGR, despite the penalty, is quite high: a maximum PGR (extracted) of 55 MHz may be obtained
at an input power of 1.7 mW for this ring design (|x|? = 0.01), which would be comparable to many state-
of-the-art SPDC devices, in a much more compact footprint, at lower pump powers, and using only simple

materials such as silicon and oxide, which have no requirement for poling.
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Figure 2.4 PGR inside the microring cavity consisting of waveguide shown in Figure 2.2(b), when
|k?| = 0.01. TPA and its-induced FCA prevent the intracavity power from scaling with the input
power as fast as it is in a linear cavity, Thus the increase in the SPM term in phase matching term
also slows down significantly, which prevents the sinc? term to appear in the high power region. As
the input power increases, the cavity changes from over-coupled to under-coupled, thus the
extraction efficiency of the photon pairs are also compromised. The overall extracted PGR reaches
a maximum of 55 MHz at the input power of 1.7 mW.
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2.3 Discussion

A more comprehensive sweep of all k and P, combinations, as shown in Figure 2.5(b) and (d)
obtained a maximum PGR (extracted) of 75 MHz with a CAR of 577 at |x|?> = 0.089 and P, = 31.6 mW.
Figure 2.5(a) and (c) shows the otherwise PGR if the cavity is TPA-free. In the lower-right corner, that is,
high Q-factor and high power region, PGR is ultra-sensitive to the input pump power and waveguide-cavity
coupling ratio, which manifests itself in the dips that are too dense to see clearly. The TPA and its-induced
FCA effects removes most of the dips in the reasonable pump power levels (<1 W), which significantly

relaxes the requirements for fabrication and power level accuracy.

Another distinction from the two types of resonators is the mechanisms for reaching an optimum
PGR when ramping up the input pump power: for an ideal TPA-free cavity, the local optimum PGR is
caused by the phase matching “sinc®” terms, while in a practical cavity, the PGR is limited by the cavity
extraction efficiency. Although increasing the input pump power can, in theory, always increase the
intracavity PGR, the extraction efficiency of the photon pairs degrades as the cavity loss scales up.

Therefore, the extracted PGR can not grow infinitely.

The CAR is mainly decided by the relative strength of true coincidences and accidentals. The ASE
noise and residual pump scales linearly with the input pump power, while the rate of noise photons from
broken pairs generally increases quadratically with the pump power in the lower power region (and slowly
saturates and then declines as the power increases further), so does the true coincidence rates. However,
given Eq. (1.14), the relationship between the input pump power and accidentals coincidences should be

further “squared” which allows the accidentals to increase faster than true coincidences.

In Figure 2.5(d), the two most bright regions where CAR is ultrahigh are where pump powers are
lowest. The first region is where photon pair generation are most efficient. Interestingly, the second region
sits in the valley of the phase matching “sinc®” term, which indicates that the broken-pair-related accidentals

are suppressed more by the dip of the sinc term when compared to the true coincidences. On the contrary,
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the other end of the P, — |k|? dip line becomes the local minimum of the CAR map in Figure 2.5(d), where

accidentals quickly scale up with the input pump power.
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Figure 2.5 Extracted PGR (a) (in Hz) and CAR (c) (in log scale) as a function of input power and
|k|? in a TPA-free cavity. The right lower corner contains very fine and dense ripples representing
the fast oscillating phase matching term (sinc?) induced by high intracavity power. Extracted PGR
(b) and CAR (c) (in log scale) as a function of input power and |k|? in a nonlinear cavity. All
calculations are based on the microring cavity consisting of waveguide shown in Figure 2.2(b).

Figure 2.6(a) shows the choice of |x|? that maximize extracted PGR for each input pump power
level. Figure 2.6(b) shows the photon pair characteristics, CAR and FWHM, for each combination of |x|?
and P,. With TPA, the extracted PGR reaches maximum at |k|? = 0.089 and P, = 31.6 mW. The relative
fast drop at the high power regime is due to the 1-nm filtering after pair generation, which ensures the
bandwidth of the photon pairs does not go extra broad. Within the pump power range from 0.5 mW (|x|? =

0.0075) to 630 mW (|x|? = 0.316), the extracted PGR is always higher than half of the maximum and the
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CAR is relatively stable (1245 for 0.5mW, 616 for 630 mW). The only thing that changes drastically is the

FWHM of photon pairs, which scales from 16 pm all the way up to 1 nm (restricted by the filter).
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Figure 2.6 Photon pair characteristics for the combinations of |k|? and P, to maximize PGR. (a)
Optimum |x|? as a function of input pump power to maximize the PGR (extracted). The dash lines
are reference |x|? (dash blue) and PGR (dash orange) for a TPA-free cavity. The solid lines are
reference |x|? (solid blue) and PGR (solid orange) for a nonlinear cavity where TPA can occur. (b)
CAR and the resonance’s FWHM as a function of the input pump power for the maximized PGR
(extracted). The dash lines are reference CAR (dash blue) and FWHM (dash orange) for a TPA-free
cavity. The solid lines are reference CAR (solid blue) and FWHM (solid orange) for a nonlinear
cavity where TPA can occur. The shaded area (light yellow) is where the extracted PGR is within
half of its maximum for a TPA-enabled cavity.

In most cases, one would prefer to operate in the low pump region (in this case, 0.5 mW) with a
higher CAR and narrower FWHM of photon pairs without sacrificing much PGR. On one hand, the ring
has a much higher photon pair generation efficiency in the lower power region, although not necessarily the
highest overall generation rate. From a practical perspective, the linear regime is also more stable and

amenable to feedback-stabilization.

A larger waveguide-resonator coupling coefficient strength is required to match a high pump power
(e.g. |xf> ~ 0.316 for a pump power of 630 mW). There may be some technical difficulties to realize this
level of coupling: The ring is usually too small to realize a long-enough coupling region. Although one can
reduce the gap between waveguide and the ring cavity to reduce the required coupling length, it usually

cannot be made smaller than about 150 nm, based on typical fabrication tolerances in a foundry silicon
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photonics process. Different in-plane coupler designs [132], or vertical inter-layer couplers [133,134] may

be interesting designs for further study and generation of actual device layouts.

To further explore the potential of silicon photonic microrings as photon pair sources, we discuss
here the various aspects where these devices can be improved to have a higher PGR, generate better-quality
photon pairs and operate more reliably. For example, achieving high CAR depends on low detector noise,
suppression of pump and scattering noise, improvement of the stability of pair generation, and improving
factors such as loss in the device and the experimental setup, which lead to broken pairs and increase the

rate of accidental coincidences.

2.3.1 Waveguide Engineering

The design of waveguide affects the photon pair generation process in the following ways: (1) the
dispersion of the waveguide in the phase matching “sinc®’ term determines the sensitivity of the device
performance to design parameters, fabrication errors and input pump power; (2) The waveguide
propagation loss, together with the waveguide-cavity coupling strength, decides the Q-factor of the cavity,
hence the pair generation efficiency; (3) The size of the optical mode effective area is inversely proportional

to the strength of the waveguide nonlinearity.

Given that the dispersion, loss and mode confinement of the waveguide are usually inter-dependent,
it is not straightforward to tell which waveguide cross section best optimizes PGR or photon quality, or the
best combination of the two. To give an example, we search here for a waveguide cross section that
maximizes PGR. Part of the results are shown in Figure 2.7, which contains PGR as a function of input
pump power (P,) and waveguide-cavity coupling strength (]x|?). (Simulations at other thicknesses give
qualitatively similar observations.) The dash line in each subfigure is optimum |x|? to maximize PGR for
each input pump power. The white dots enclose the half-maximum region where PGR is more than half of

the maximum. And the GVD is shown in the upper-left corner of each subfigure.
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While obviously there are more dips (from the phase matching term in Eq. (2.1)) for the high-Q,
low power regions in a more dispersive waveguide, it might not be a concern if the coupling strength can
be designed within the half-maximum region, which keeps a distance from the ‘oscillating’ area and has an
appreciable tolerance toward fabrication errors. Once the coupling strength is higher than a threshold (the
starting value of the black dash line), it is guaranteed that you would not fall into the dips whatever the
pump power level. One may want to choose the lowest pump power point on the border of the half-
maximum region (which is the intersection of the black dash line and the white-dotted boundary) to
optimize the generation efficiency the photon pairs. It also gives a general rule that the pair generation
microring should always be designed as over-coupling to optimize the pair generation efficiency. At the
same time, over-coupled microring has a higher extraction efficiency that not only improves the CAR but

also the heralding efficiency of the photon pairs.

220 nm x 500 nm © i~ 220 nm x 600 nm
m GVD: -847 ps/nm-km'

102 10" 10° 10" 102 10° 102 10" 10° 10" 102 10° 102 10" 10 10" 10?7 10°
P, (MW) P, (mW) P, (mMW)

Figure 2.7 PGR (in Hz) as a function of input pump power P, and waveguide-cavity coupling
strength |x|? for different waveguide cross sections. The group velocity dispersion (GVD) is shown
in the upper-left corner of each subfigure. The dash line in each subfigure is optimum |x|? to
maximize PGR for each input pump power.

We then scanned the cross section of a silicon rib waveguide to obtain its maximum PGR. Typically,
SOl platform has a silicon layer that is 200 — 400 nm thick. And we have also swept the width of the rib
from 300 to 800 nm for each thickness. The height of the slab is kept at 70 nm. It is shown in Figure 2.8
that a smaller cross section is more favorable to obtain a higher pair generation capacity. The maximum

PGR is obtained in the smallest waveguide cross section (200 nm thick, 300 nm wide) with a value of 120
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MHz at an input of ~90 mW and CAR of 343. While this number might neglect a lot of factors in practice,
e.g. the tuning capability of the resonance stabilization system and channel propagation loss, it gives an

upper bound of the pair generation capability of a silicon photonic microring.

However, most of the current demonstrations are focused on sub-milliwatt pumping of the silicon
photonic microrings [25,113,120,135-137]. In the low pump power region, TPA and the induced FCA
effects are not as significant and the power generation efficiency as well as CAR are much higher, as shown
in Figure 2.6(b). We then simulated the maximum PGR that can be obtained by 1 mW input pump power
for each cross sections, which is show in Figure 2.8(c). When the TPA and its induced FCA are mitigated
in lower power region, the results are more intuitive: generally, increasing the cross section lifts the pair
generation capability. And the reasons are obvious: smaller mode effective area and dispersion. A
maximum PGR of 58 MHz can be obtained at 1 mW input pump power with a waveguide cross section of

340 nm-thick and 650 nm-wide (a slab height of 70 nm).

The difference between Figure 2.8(a) and Figure 2.8(c) are more clearly manifested in Figure 2.8(d),
where the maximum PGR as a function of input pump power is calculated for 220 nm-thick cross sections.
While larger cross sections have higher pair generation efficiencies due to smaller mode effective area and
dispersion (in lower power regime), PGR saturates earlier due to stronger TPA effects, which limits the
highest PGR they can achieve. It is also noted that after increasing the width to 500 nm for a 220 nm thick
rib waveguide, the benefit of increasing the width further is minimal. Thus the waveguide cross section can
be designed at a relatively smaller cross section to maintain single mode operation without sacrificing the

pair generation capacity, which can also be shown in Figure 2.8(c).
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Figure 2.8 (a)-(b) Maximum PGR (a) and its corresponding CAR (b) as a function of waveguide
cross section geometry. The cells denoted by crosses correspond to waveguide cross sections whose
fundamental mode is TM mode. (¢) Maximum PGR for input pump power of 1 mW as a function
of waveguide cross section geometry. (d) Maximum PGR as a function of each input pump power
level for 220 nm-thick cross sections.

2.3.2 Filtering

Loss management is critical to achieve high rate and quality of photon pairs. Not only does it reduce
PGR, as channel loss break pairs and consumes true coincidences, CAR will also be degraded (see Eqg.
(1.12) — (1.14)). Given that the greatest contribution to loss usually comes from fiber-chip coupling
(typically ~ 3-5 dB/facet for grating couplers and ~2-3 dB/facet for edge couplers), on-chip integration with
functionalities such as pump laser, filters and detectors are desired. In addition, a fully integrated quantum
sources significantly improves the scalability of the devices or circuits, which unfortunately has yet been

realized. With demonstrations of photon sources integrated with SNSPDs [138,139] and their demonstrated
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compatibility with on-chip hybrid silicon lasers [98], a high contrast on-chip filter with required extinction

and low insertion loss is still out of reach.

Multiple stages are needed in the photon pair generation process. First, optical pumps always come
with ASE. After pair generation, the ASE with spectral overlap with photons can never be removed.
Therefore, one needs to remove the ASE before the pair generation process. Second, in many occasions,
signal and idler photons need to be separated based on their spectral modes. The extinction and insertion
loss of the filters would directly translate to the crosstalk and loss of photons. Third, the pump needs to be
dumped completely after pair generation. Due to the much brighter pump compared to the generated
photons, ultrahigh extinction ratio is required to suppress the pump to detector noise level. Let’s assume an
SNSPD with a detection efficiency of 95%. The pump power (1550 nm) reaching the SNSPD should be
kept under -100 dBm to avoid overwhelming the detectors (let’s say, 1 MHz) and -140 dBm to be
comparable to detector noise level (~100 Hz). For a pump power of 1 mW (which is typical for silicon
microrings), the filters have to provide a filtering extinction ratio of ~90 dB to keep power under -100 dBm

and ~130 dB to 100 Hz (The microring itself serves as a filter and usually gives ~10-20 dB extinction).

A lot of efforts have been focused on achieving the on-chip high extinction filters for quantum
photonics. Those filters reported in recent publications (see Table 2.2) are typically distributed Bragg
reflectors (DBR) [137], arrayed-waveguide gratings [140], cascaded Mach-Zehnder interferometers
(MZ1s) [111,141], and coupled-resonator optical waveguides (CROWS) [110,142,143]. Although a ~100
dB extinction has been demonstrated by DBR [137] (with the assistance of add-drop rings), the size of DBR
(typically millimeters long) may not be favorable for scalability. AWG has the same problem, and its
extinction ratio is not competitive, which could only be used for photon pair demultiplexing. CROWSs have
the advantages of compact footprint, flat-top passbands and high extinction, but are sensitive to fabrication

variations and environmental perturbations.

In practice, however, extinction ratio of filters is limited by the on-chip scattering of pump photons

via the substrate. Filter chips are usually cascaded to demonstrate > 100 dB suppression of pump
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photons [110,111,143], resulting in much higher transmission loss of photons. Gentry et. al. [142] has
obtained 95 dB extinction from one single chip, with a filter cascading four 2" -order CROWS. To avoid
the pump scattering noise, the photon pair output direction was placed perpendicular to the pump input
direction. The filter loss is relatively high compared to the best class. Without the addition of off-chip filters,

the CAR was limited by ~3. In a word, a good solution of on-chip high-contrast filtering is still awaiting.

Table 2.2 Comparison between the recent demonstrated high-extinction filters on silicon integrated photonics
platform for quantum photonic applications.

Year Ref Type Size BW (nm) FSR (nm) Extinction® (dB) IL (dB)
2014 Harris et. al. [137] DBR + ring 2.6 mm (DBR) 1-2 n/a 95-100 4.5
2014 Matsuda et. al. [140] AWG - 0.64 nfa ~30 7.7
2017 Piekarek et. al. [111] MzI - >1 6.4 65 15
2019 Lee et. al. [141] Mzl - - ~20 55 14
2013 Ong et. al. [110] CROW ~30 pm x 100 um 1.69 7.3 50 14
2018 Gentry et. al. [142] CROW - 0.8 14.6 95 >3
2019 Kumar et. al. [143] CROW ~20 pm x 400 pm - 9.7 74 ~3

2.3.3 P-1-N Diode for Pair Generation Enhancement and Resonance Monitoring

In section 2.1.4, we assume that the pump is always perfectly aligned to the ring resonance, which
is not quite true in reality, As shown in Figure 2.1(a) and discussed in Section 2.1, resonance red-shifts as
a result of the competition between FCD (blue shift) and thermo-optic (red shift) effects. The asymmetric
lineshape of the resonance when sweeping the laser wavelength indicates the bistability of the ring cavity,
which makes the ring unstable when operated close to resonance with high pump power. An active
resonance tuning system is therefore essential to keep the pair generation process stable. While thermal-
optic effects can be used for tuning, a native monitoring photodetector used to be lacking on the SOI
platform due to its transparency in the bands of interest (i.e., 1310 nm and 1550 nm telecommunication

bands).

While germanium and AlGalnAs photodetectors have satisfactory responsivity and have been used
for power monitoring in silicon, they require additional processes that increase the cost and complexity of

the devices. Instead, silicon p-i-n diode is found to provide a non-invasive way of probing the power inside

a Extinction here is the best number achieved for a single chip.
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the cavity based on defects [144], surface-state absorption [145] or TPA [146,147]. Particularly for photon
pair generation, defect-enhanced detection by ion-implantation might not be suitable due to the extra loss
that degrades the Q-factor of the cavity, which is important for photon pair generation efficiency and quality.
A detailed discussion of the p-i-n diode used in this dissertation can be found in [130], where a readily-
detectable photocurrent on the scale of micron-Ampere under a reverse bias of -1 V was provided by the
silicon waveguide comprising the ring without ion-implantation or defect-enhancement of the waveguide,
or the introduction of other materials such as germanium or 111-V semiconductors. Besides, the reverse-
biased silicon p-i-n diode also contributes to the pair generation process by sweeping out the carriers
generated by TPA, which mitigates the perturbation to the cavity characteristics and enhance the PGR. A

two-fold enhancement has been reported [148].

2.4 Conclusion

A set of detailed simulations have been performed for the photon pair-generation process, based on
SFWM in high-Q silicon microring resonators. Such devices are known to exhibit nonlinear behavior in the
high optical pump power regime, when the optical power level in the feeder waveguide typically exceeds
a few milliwatts. While the thermal effects can possibly be compensated for by feedback and tuning, the
nonlinear loss effects can be quite severe. Our simulation results show that, in this nonlinear regime, the
pair generation capability (in terms of the rate of photon pairs that can be extracted from the device) is
surprisingly tolerant to the design of the coupler between the waveguide and resonator, which happens to
be the main contribution of fabrication errors in these devices. Certain other parameters, e.g., the spectral
FWHM of the two-photon state, may, however, increase continuously with pump power. Since this is also
important for indistinguishability and purity of the quantum state, the coupling strength need still be
carefully selected. Taken together, these results suggest that the notorious sensitivity to the exact design
parameters of a high-Q microring resonator may, at least in the case of silicon, be fortuitously stabilized,

rather than destablized, by the predominant nonlinear effects of TPA and FCA, which may benefit the
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process of photon-pair generation at fairly high rates, exceeding several tens of millions of photon pairs per

second.

Chapter 2 contains the material submitted for publication as it may appear in the following of which
the dissertation author was the primary investigator: Chaoxuan Ma, Shayan Mookherjea. “Prospects for
photon-pair generation using silicon microring resonators with two photon absorption and free carrier

absorption.”
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Chapter 3
Generation of High-Quality Entangled and
Correlated Photon Pairs

3.1 Introduction

The reported performance of photon pairs generated from silicon photonic microrings—in terms of
the usual metrics such as CAR, g2(0) and Franson two-photon interference visibility (Vz)—has been
significantly inferior to those of traditional pair-generation devices formed using optical fiber or crystals
such as periodically poled lithium niobate (PPLN) and KTP, where CAR > 10,000, g®@(0) < 0.01 and V =
99% are common [91,92,149,150]. Silicon-photonic-based pair generation devices may not be able to
generate a comparable number of photon pairs per second because of the weaker nonlinearity compared to
crystal, and length limitations compared to fiber. Thus, it is desirable at this time that a high quality of
photon pairs be demonstrated, with high pump efficiency. There are applications, such as detector
calibration and short-range communications, where a very large number of photons per second is perhaps
not essential, but a source that is neither bright nor of high quality is probably not of much use, even if
cheap. The objective of this chapter is to report record performance numbers achieved (at room-temperature,
in an “open” setup, i.e., not sealed off from the laboratory environment) using optically pumped SFWM in
a high-Q silicon microring resonator. Previous reports have shown saturation / roll-off of parameters such
as CAR at much lower values than measured here; therefore, these results present a more optimistic prospect
for using silicon photonic devices for pair generation in quantum optics experiments than may have been

expected by the wider community so far.
3.2 Experiment Details

A microscopic image of the ring resonator together with a schematic of the waveguide cross-section

is shown in Figure 3.1. The microring was fabricated using a foundry silicon photonic process on SOI
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wafers, using ridge waveguides of width 0.65 pum, height 0.22 pm, and slab thickness 70 nm, designed for
low loss transmission in the lowest-order mode of the transverse electric (TE) polarization defined relative
to the device plane. The microring resonator was designed with a radius of 10 pm, side-coupled to the
feeder waveguide. The slab regions of the ridge waveguides were doped, followed by contact and via
formation and metallization, to form a p-i-n diode for monitoring, under reverse-bias, the optical power
circulating in the microring. The Si waveguides used in the feeder waveguide and microring had a
propagation loss (measured on test sites) of approximately 0.7 dB/cm, resulting in a microring intrinsic

quality factor of approximately 9x10°, and a resonance lifetime t ~ 76 ps (loaded quality factor of 9.2x

10* at 1550 nm, with a measured spectral FWHM of approximately 2.1 GHz).

metal electrodes

i
70 nm Sio,

Figure 3.1 Upper: microscope image of the ring resonator side-coupled to a waveguide, with metal
traces connecting to a p-i-n diode fabricated across the microring to monitor its resonance [130].
Lower: a schematic of the waveguide section. Figure reproduced from [130], with the permission
of AIP Publishing.
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Figure 3.2 (a) The experimental configuration for pair generation, and measurement of CAR. ATT:
variable optical attenuator, TEC: thermo-electric controller, TCSPC: time-correlated single-photon
counter. ROADM: 3-port reconfigurable optical add-drop multiplexer. (b) Modifications to the
detection setup for measurement of the conditional (heralded) self-correlation, g2(0). (c)
Measurement of two-photon Franson interferometric visibility using the folded configuration. DLI:
delay-line interferometer. (d) Measurement of two-photon Franson interferometric visibility using
the un-folded configuration.

Measurements reported here used the experimental configuration shown in Figure 3.2. The bare-
die chip was mounted on a temperature-controlled stage with a thermo-electric controller (TEC) in feedback
with a thermistor on the stage mount. To establish a stable resonance, the silicon photonic chip with the
microring was heated until the selected resonance aligned with the pump laser. The spectral alignment was
continuously monitored during measurement using the reverse-biased photo-current of a silicon p-i-n
junction diode fabricated across the microring [130], and confirmed using high-magnification infrared
camera images of the microring. Polarization-maintaining fibers, fiber-loop paddles and lensed tapered
fibers with anti-reflection coating were used to couple light to and from the silicon chip, and nano
positioning stages with piezoelectric actuators were used for accurate positioning of the fiber tips to the
waveguide facets. An automated software program attempted to continuously optimize the coupling. The
insertion loss of each fiber-to-waveguide coupler was estimated as 3.5 dB averaged over the wavelengths
of interest based on previous experiments. Light was coupled to and from the chip using lensed tapered

polarization-maintaining fibers. Output light from the chip was routed through cascaded filters to select one
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pair of spectral lines of Stokes (also called idler) and anti-Stokes (signal) photons positioned symmetrically

around the pump wavelength.

The pump wavelength was positioned at 1554.9 nm and signal and idler photons were detected at
1535.5 nm and 1574.7 nm, respectively. External tunable filters (benchtop components) were used at these
three wavelengths with FWHM’s of approximately 1 nm, 0.6 nm and 0.8 nm, respectively. The spectral
width of the microring resonance was approximately 0.03 nm, much narrower than the filter widths. Thus,
the filters do not reshape the joint-spectral intensity, as maybe a concern with broadband SFWM in
waveguides. Photons were detected using fiber-coupled superconducting (WSi) SNSPDs, cooled to 0.8 K
in a closed-cycle Helium-4 cryostat equipped with a sorption stage. The detection efficiencies for the
SNSPDs were about 90% for two detectors and about 65%for the other two detectors; these detectors were
not gated and were operated in a simple dc-biased mode with an RF-amplified readout. Coincidences were

measured using a multi-input TDC instrument, with 0.16 ns minimum bin width, in start-stop mode.

3.3 Measurement

Since the purpose of this chapter is to demonstrate that high CAR values and low g?(0) values can
be experimentally achieved using off-the-shelf, foundry-fabricated silicon photonic devices, we focus
mainly on the low pump-power case; nevertheless, an appreciable rate of pairs and single photons was

measured because of the relatively high brightness of the source.
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3.3.1 Single and Coincidence Counts
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Figure 3.3 (a) Singles count rates (in Hz, raw measurements, not scaled) versus CW optical pump
power in the feeder silicon waveguide. The difference in single counts between the signal and idler
channels stems from the slightly different losses through the filters (5.0 dB and 7.2 dB respectively).
(b) Coincidence rate (in Hz), using the setup shown in Figure 3.2(a). The left-hand side vertical axis
shows the scaled coincidence count rates, accounting for chip coupling loss, filter insertion loss and
detection efficiency. The right-hand side vertical axis shows the raw measured coincidence count
rates (Hz).

Figure 3.3(a) shows the measured singles rates as a function of pump power, with differences in
the values based on the slightly different losses through the filters (5.0 dB and 7.2 dB at the signal and idler
wavelengths). Both sets of data are fitted by a quadratic function of the input pump power P, (in the feeder
waveguide before the microring). The on-chip PGR was calculated from the measured coincidence rate by
accounting for the insertion loss of the filters, and chip-waveguide coupling (3.5 dB), and the efficiency of
the detectors (0.9). In Figure 3.3(b), the (on-chip) PGR is shown, and the fitted line, following the functional
form PGR = R x P2, agreed with the data (The right-hand side axis shows the raw measured coincidence
rates). The fitted generation efficiency is R = 149 + 6 MHz/mW? (one standard deviation uncertainty).
This is a good value for silicon microrings, which improves upon previous experimental results (R = 1 —
10 MHz/mW? tabulated in [113]). As a comparison, on-chip SPDC sources formed using PPLN or

aluminum nitride [79,151] report typical pair generation efficiencies of about 6—14 MHz/mW.
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3.3.2 CAR

Figure 3.4(a) shows the measurements of CAR versus input (CW) pump power. Raw two-fold
coincidence counts (C..) and accidental coincidence counts (C,..) between the generated photon pairs were
measured for typical acquisition times of 30-300 seconds® and binned into a histogram (one for each input
pump power level). The uncertainties in C,.. are one standard deviation values of counts in bins away from
the peak (start-stop delays were measured up to 100 ns time difference), and were propagated to generate
the error bars in the CAR plot. Coincidences due to dark counts were measured separately, but since their
contribution was negligible (~100 Hz), they were not subtracted from the measurements. Each histogram
peak was fitted by a Gaussian function, whose FWHM was typically 0.31 ns. The histogram of start-stop
coincidences (measured bin counts divided by the measurement time in seconds) which resulted in the
highest CAR is shown in Figure 3.4(b), along with a segment of the accidental coincidences in the inset

figure. As shown in Figure 3.4(c), the peak was well fit by a Gaussian function.

2 The complete list of integration times is (from highest pump power to lowest power): 30, 30, 30, 120, 120, 180, 240,
600, 2100, and 3000 seconds.
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Figure 3.4 Pair generation. (2) CAR versus (CW) optical pump power in the feeder waveguide
before the microring. The error bars are one standard deviation, calculated as described in the text.
The highest measured CAR was 12,105 + 1,821. (b) The start-stop coincidence counting histogram
for the highest CAR value. The inset shows a segment of the accidental coincidences. (c) Fit of the
coincidence peak using a Gaussian function, with FWHM of 0.315 ns.

The highest CAR was 12,105 + 1,821 measured using an integration time of 3,000 seconds, when

the pair generation brightness was 8x10% cps/GHz. At the highest power values used here, CAR = 532 +
35 with an integration time of 30 seconds, at a pair generation brightness of 550x10° cps/GHz. Dividing
further by the square of the optical pump power in the feeder waveguide calculates the spectral brightness
of the source, equal to 1.5x108 cps/GHz/mW? at the highest CAR value and 1.6x108 cps/GHz/mW? at the
lowest CAR value (the two numbers are approximately the same, as is expected). The spectral brightness
of this microring device is two orders of magnitude higher than reported by other groups [152], a factor of
twenty four higher than our previous results [113], and is a factor of two greater than that of the silicon

microdisk [112]. CAR decreased at higher pump powers, as expected, and since the PGR was higher, a



shorter integration time was required to achieve reasonably small uncertainty error bars. CAR values in the
tens of thousands have been measured in SPDC pair generation [149], but not yet shown in silicon photonics
where values have been in the few thousands [83,153]. (The CAR metric can be inflated by un-naturally
narrowing the coincidence window, e.g., less than the timing jitter of the detectors [153].) Achieving high
CAR depends on low detector noise, suppression of pump and scattering noise, improvement of the stability
of pair generation, and improving factors such as loss in the device and the experimental setup, which lead

to broken pairs and increase the rate of accidental coincidences.

3.3.3 Heralded single-photon generation

Figure 3.5 shows the heralded (i.e., conditional) single-photon second-order self-correlation
function, gZ(0). The arrival times of events at the TDC module were synchronized by selecting appropriate
lengths of BNC cables. Coincidences were defined as simultaneous detections within a 5 ns time window,
measured directly by the TDC hardware. Counting times varied from 100 seconds for the higher pump
powers to 600 seconds for the lowest pump power. The fitted line in Figure 3.5 has the sigmoidal functional
form, g3(0) = aPZ/(1 + aP$), where a = 6.3 mW ™2 is the fitted coefficient. This fitting form is based
on the fact that g2(0) is proportional to the biphoton rate [154], which, in SFWM, is quadratic in the pump
power, Py, at low values, but saturates (to 1) as P, increases. Values as low as g3(0) = 0.0053 + 0.021
were directly measured, for a measured heralding rate of R, = 18 kHz. Even at the highest power values
used in this sequence of measurements, g&(0) = 0.11 + 0.051, well below the classical threshold, at a

heralding rate of R, = 340 kHz.
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Figure 3.5 Heralded single photon generation. Conditional self-correlation (heralded auto-
correlation) gZ(0) measured using the setup shown in Figure 3.2(b). The error bars are one standard
deviation. The lowest measured g3(0) was 0.00533 + 0.021.

The Klyshko efficiency was calculated to be between 3% and 4% for the input powers shown in
Figure 3.5. These are typical values for silicon photonic SFWM sources, and are about a factor of 10 inferior
to those of SPDC based pair sources or glass integrated optics (at 700 nm wavelengths) [155]. The main
reason for the lower efficiency is loss: the sum of the fiber-to-waveguide loss and the insertion loss of the
filters is about 7-10 dB for each of the photons in the current experimental configuration. Improving the
Klyshko efficiency is a topic of current research, e.g., using active delay/multiplexing schemes to raise the
heralding rates significantly [80]. Another approach is to adjust the coupling efficiency between the micro-
resonator (in the reported case [83], a microdisk resonator with an under-cut "pedestal™) and the input
waveguide (in the reported case, a tapered optical fiber) by adjusting their relative positioning. A high-Q
resonator could go from under-coupled condition to over-coupled condition by moving the input waveguide
closer to the resonator, thus improving the extraction efficiency of the photon pairs generated inside the
resonant cavity. In our device, the position of the waveguide near the microring is fixed during lithography,

thus requires iterative fabrication to optimize.
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3.3.4 Energy-time entanglement
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Figure 3.6 (a) Representative histogram for the measurement of energy-time entanglement (at a
particular phase setting of the DLIs), with an acquisition time of 5 s. The solid blackline, showing
the sum of the three Gaussians shown in red, blue and green dashed lines, fits the black dots which
show the binned coincidence measurements. (b) Two-photon interference pattern measured using
the folded Franson interferometer configuration. Grey dots (with errorbars): measured experimental
data (coincidence counts), black line: fit. (¢) The singles counts for the folded interferometer,
measured at the same time as the two-photon coincidences. (d) Two-photon interference pattern
measured using the un-folded Franson interferometer configuration. The interference pattern for two
different phase settings on the second delay-line interferometer are shown. Grey and blue dots (with
errorbars): experimental data, black solid and dashed lines: fit. (¢) The singles counts for the
unfolded interferometer.

The generated photon pair is expected to demonstrate energy-time entanglement. Such
measurements have already been shown for several silicon photonic pair-generation devices [28,152,156—
159], and high values of visibility are confirmed for the microring device measured here. Figure 3.6(b)
shows the measurement of visibility fringes using a folded Franson interferometer configuration, in which
both the signal and idler photons co-propagate through the same delay-line interferometer (DLI) [160].

Figure 3.6(d) shows the measurements of the unfolded Franson interferometer configuration, in which two
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separate DLIs were used, one for the signal photons and one for the idler photons. Two fiber-coupled,
polarization-maintaining, piezo-controlled DLIs, each with a free spectral range (FSR) of 2.5 GHz and
peak-to-valley extinction ratio approximately 25 dB were used in these measurements. Unlike in other
experiments [152,159], no active DL stabilization was required, considerably simplifying the experimental
requirements. Approximately the same number of counts were measured here in 5 seconds as took nearly
50 times longer in other experiments [152]. Data scatter in the fringes was caused by fluctuations of photon
pair flux coupled to the DLIs, which was mainly a result of polarization drifting (of both pump and

generated photons) and fiber-to-chip misalignment.

The histogram is shown in Figure 3.6(a), where the three peaks corresponding to |I, s), |I, 1) (or
|s, s)), and |s, I) were fitted. The fitting uncertainty (one standard deviation) is shown as the errorbar in
Figure 3.6(b) and (d) and is too small to be visible. In the unfolded interferometer, the phase of one of the
DLIs (i.e., the phase delay between the short arm and the long arm of that DLI) was held constant, and the
phase of the other DLI was swept over approximately one FSR. The DLIs were tuned by voltage; as
expected, the voltage required to tune the folded Franson interferometer, where both signal and idler
photons experience the phase tuning, over a full period (3.86 V) was almost exactly one-half that of the
unfolded Franson interferometer (7.82 V), where only the signal photon experiences the phase tuning.
Although the signal and idler photons are at different wavelengths, separated by about 40 nm, the
differential group delay accumulated over a few meters of fiber is negligible, compared to the timing jitter
of the detectors. The fitted measurements showed V clearly in excess of this threshold value (70.7%),

measured using a pump power in the feeder waveguide of about 50 um, resulting in a PGR of about 68 kHz.

= 98.8 + 0.6% for the folded Franson interferometer measurement, and V(“f) =

®
From the raw data, V. data

data

98.2 + 0.9% and97.1 + 0.5% for the two phase settings of the unfolded configuration. From a fit to the
measurements based on the non-linear least-square curve fitting algorithm in Matlab, Vfg? =959+ 55%

for the folded configuration, and Vfg? = 97.8 + 14% and 90.3 + 14% for the unfolded configuration. In
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each case, the stated uncertainty is one standard deviation, but there are differences in the source of the
uncertainty. For the data points, the uncertainty arises from the goodness-of-fit of the parameters of the
Gaussian function used to fit the central peak [see Figure 3.6(a)]. When the ensemble of points shown in
Figure 3.6(b) and (d) is fitted with a sinusoid function, the uncertainty then arises from the goodness-of-fit
of those fitted parameters. These measurements confirmed the energy-time entanglement properties of the
pairs, as shown by the sinusoidal variation of coincidences with phase, and in both cases, the flat singles
rates (versus phase), shown in Figure 3.6(c) and (e), show the absence of single-photon interference, as

desired [54,55].

3.4 Discussion

Table 3.1 summarizes recent pair generation results using silicon photonic microring resonators. In
only about five years, the reported maximum measured CAR values for pair generation, using equipment
that is commercially readily available, have improved greatly from about 10 to over 10,000 (In fact, we
measured a record CAR of 19,000 in the work of Section 5.2, which is the highest CAR value yet reported
for pair generation in silicon photonic microrings, at any wavelength). The measured g2(0) values for
heralded single-photon generation have decreased from about 0.2 to about 0.005, and Franson
interferometry visibility has increased to about 98-99%. The spectral brightness of our device, about
1.6x108 cps/GHz/mW?, was significantly higher than reported for other silicon microrings, and in fact, a
factor of two higher than the micro disk resonator [112]. Measurements reported here took between a few

seconds and a few minutes per data point.

These experiments benefited from advances in single-photon detectors, and several other
experimental improvements compared to our earlier experiments: Readout from an integrated monitoring
photodiode across the microring helped align the resonance to the laser wavelength; The temperature of the
microchip was accurately stabilized; The polarization state of the input light and fiber-waveguide alignment

were actively monitored and controlled; The residual ASE from the pump was cleaned for the detection
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stage. We expect that with better packaging and higher levels of integration, performance may improve
further, and devices may be tested for extended durations. The performance of the microring itself may still
improve; the resonator coupling coefficient can be optimized, according to the discussion in Chapter 2, for

a particular feature, e.g., desired PGR and characteristics.

Table 3.1 Recent results of photon pair generation using silicon microring resonators (comparison: recent
silicon microdisk results)

Dimensions® Radius

Year Ref. (nm) (um) Q PGR Avg.pump CAR  g2%(0) Ve°
2009 Clemmen et al. [135] 500x200 7 4.5%x10* 300 kHz 400 pW 30 - -
2012 Davanco et al. [161] 500x200 13 1x10% 220 kHz 1.7 mW 15 0.19 -
2012 Azzini et al. [136] 500x220 5 7.9x10° 200 kHz 200 pwW 250 - -
2013  Engin etal. [148] 450x220x50 11 38x10* 123MHz 5mwW 37 - -
2014 Harris et al. [137] 500x220 15 4x10* 600 kHz 300 pW 50 - -
2015 Silverstone et al. [120] 500x220 15 9.2x10? 4.6 MHz 150 pwe 10 - -
2014 Guo etal. [114] 450x220x50 21 8.1x10* 14 kHz 100 pwW 180 - -
2015 Suo et al. [158] 450x220x50 21 8.1x10* - 500 pW 920 - 92%, 92%
2015 Grassani et al. [156] 500x220 10 1.5x104 400 kHz 250 pW 132 - 95%
2015 Wakabayashi et al. [157] 400%220 7 2x10* 21 MHz 410 pW 352 - 93%, 96%
2017 Fujiwara et al. [162] 400x220 10 - 10 MHz 500 pW 350 - 82%, 95%
2015 Gentry et al. [101] 1080xsub-100 22 3.1x10* 165 Hz 5 pwW 37 - -
29 kHz 50 pW 55
2015 Steidle et al. [153] 500x220 19 5x10* 60 kHz® 200 pW 1984 - -
2015 Preble et al. [163] 500x220 19 1.5x10* - 700 pW 80 - 93%
2016 Savanier et al. [113] 650x220x70 10 9.6x10* 83 kHz 79 pW 65 - -
2016 Mazeas et al. [152] 600x220 60 4x10* 2.6 MHz 500 pwW - - 99%, 98%
2017 This work [25] 650x220x70 10 9.2x10* 1.1 MHz 59 uw 532 0.098  98%, 97%
16 kHz 7.4 pyW 12,105 0.005 -
2015 Jiang et al. [112] [Microdisk] 5 5x10° 855 kHz 79 pW 274 - -
2016 Luetal. [83] [Microdisk] 5 5x10° 1.2 kHzf 12 uw 2,610 0.003 -

3.5 Summary

Taken together, the measurements reported here support and augment the growing evidence in
favor of silicon (i.e., semiconductor) microring resonators as a viable architecture for optically-pumped
photon pair and heralded single photon generation at telecommunications-compatible wavelengths, and

establish a new level of performance of silicon-photonics devices, which (we hope) may now be considered

2 Width x height x slab height.

® Energy-time entanglement, measured visibility (i.e., without subtracting accidentals, re-scaling etc.) Multiple entries
indicate different reference phase settings.

¢ Effective Q calculated from the measured group delay

d Peak power = 0.25 W.

¢ From the stated brightness.

f Detected pairs; stated rate: 4x107* pairs/pulsex3 MHz rep. rate.
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seriously for potential implementation in experiments and deployed systems. The optical pump
requirements are simple, and the pump could also be integrated into the silicon photonics manufacturing
platform [98]. Such devices may be inexpensive to manufacture (in volume) and could, for some
applications, conveniently replace the crystal- or fiber-based instruments / assemblies used today both in

the laboratory and in the field.

Chapter 3 contains the material as it appears in the following of which the dissertation author was
the primary investigator: Chaoxuan Ma, Xiaoxi Wang, Vikas Anant, Andrew D. Beyer, Matthew D. Shaw,
and Shayan Mookherjea. “Silicon photonic entangled photon-pair and heralded single photon generation

with CAR > 12,000 and g®®@(0) < 0006.” Optics Express 25, no. 26 (2017): 32995-33006.
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Chapter 4
Photon Pair Generation Using a Silicon
Photonic Hybrid Laser

4.1 Introduction

The standalone silicon photon pair generation devices, e.g. waveguides, microrings, microdisks,
are far from a complete scalable quantum photonic toolkit [164,165]. Despite the large device library in
silicon photonics, an efficient monolithic on-chip laser is still missing because of the indirect bandgap of
silicon. Therefore, discrete lasers are still used to pump the silicon chips in most experiments, which are
laboratory-grade instruments (including, in some instances, optical parametric oscillators and mode-locked
lasers) with cost and size thousands of times higher than that of a silicon chip. Doped-silica [30], nitride [79],

and poled-crystal waveguide [166,167] platforms for quantum photonics also all rely on external lasers.

I11-V integrated optics can be used as an integration platform [168-171], but PGR and quality are
currently superior in silicon photonics technology and the manufacturing costs of the latter are likely to be
lower as well. Hybrid 111-V/Si lasers can be fabricated in a CMOS-compatible process on larger-area SOI
wafers, which leads to manufacturing scalability, potential cost reduction, and silicon micro-electronic
integration. This technology leads to the potential to have an on-chip pump source to excite our microring
for pair generation. Expanding on an earlier conference presentation [98], we show here that electrically
pumped hybrid silicon lasers (a micro-chip scale device, fabricated at wafer-scale) can be used to generate
photon pairs and heralded single photons at room temperature (the heralding detector is cryogenically
cooled) from a silicon microring resonator. The hybrid laser used here was designed for high volume
(classical) optical communications, rather than being customized for these quantum optics experiments,
and is supported by cost-effective large-scale manufacturing in industry [172,173]. In this section, we

investigate the feasibility of using silicon photonics wafer-scale fabrication technology to create both the
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micro-resonator in which SFWM occurs and the optical pump laser needed to initiate the process by
comparing pair generation metrics under optical pumping with the hybrid laser and those achieved with a

desktop reference laser.
4.2 Experimental Details

Both the silicon microring resonator and the hybrid silicon/I11-V laser were fabricated using wafer-
scale processing on SOI wafers in a CMOS manufacturing process. The microring was designed using the
same waveguide design as in Chapter 3 but in a racetrack configuration, with radius R = 10 um and
directional coupler length L. = 10 um; an image of the racetrack resonator is shown in Figure 4.1(a). In
1310 nm, the Si waveguides had a propagation loss (measured on test sites) of approximately 1 dB/cm,

resulting in a microring intrinsic quality factor of approximately 9x10° and a resonance lifetime t=75 ps
(loaded quality factor of 1.1x10%at 1307 nm, with a spectral FWHM of 2.1 GHz). As reported in [98], the

hybrid silicon laser was created by wafer bonding technology and processed in a CMOS fab [172,173]. The
basic principles of such devices are described in [174]. It was used in a bare-die (unpackaged) microchip
configuration to generate optically pumped photon pairs and heralded single photons in an external silicon
photonic microring resonator. The comparison with a laboratory-grade laser instrument was performed
using a narrow-linewidth single-mode tunable diode laser with very low ASE noise (Yenista Optics, Tunics
T100-HP-O+). The hybrid laser was used under the same operating conditions as may be expected for
classical optical communications, i.e., electrically driven, at room temperature, generating either CW light,
or carved into data-carrying pulses, and without frequency locking between the laser and the pair generation
(microring) stages. The linewidth of the laser was less than 1 MHz and is much narrower than the ring

resonance width, approximately 2 GHz.
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Figure 4.1 (a) The experimental configuration for pair generation. LDC: laser diode controller, TEC:
thermo-electric controller, MUX: wavelength-division multiplexer which also acts as a passband
filter, and TCSPC: time-correlated single-photon counter. (b) Optical spectrum measured from the
hybrid laser (after some coupling losses), operated slightly below (black line) and above (red line)
the threshold, shows an amplified spontaneous emission (ASE) floor that is too high for detecting
photon pairs generated by the microring. To lower the ASE floor in the desired wavelength windows
where pairs will be generated, the MUX shown in panel (a) also acts as a passband filter, as described
in the text.

Measurements reported here used the experimental configuration shown in Figure 4.1(a). As shown
in Figure 4.1(b), the laser wavelength was around 1307.5 nm, in the “O-band” wavelengths used in short-
range (e.g., data-center network) optical communications. The laser delivers more-than-adequate optical
power (several milliwatts) for photon-pair generation in silicon microrings. However, the ASE level (even
below threshold, black line) was much higher than the optical power of a few mega cps of photons that are
typically generated in silicon photonics using milliwatt-level pump powers (10® cps corresponds to
approximately —100 dBm). Photons generated by SFWM using the peak cannot be detected if they are
buried in the sea of ASE noise. Therefore, we need to filter out the ASE by at least 40 dB at the spectral
windows where we will generate photons, before the SFWM-generation stage. (It is much harder to reduce
the ASE floor of a laser itself by the same magnitude). Since off-the-shelf tunable narrow-band optical
filters in the O-band currently show significant insertion loss (2-3 dB), we used a coarse wavelength

division multiplexing component, as labeled “MUX” in Figure 4.1(a), which has 6 nm passbands around

each “add” input to the “common” port and suppresses out-0f-band light by 60 dB. This component filters
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the broadband ASE from the hybrid laser outside of the add window, 1308 nm + 3 nm, and has an insertion

loss of about 1 dB (including spliced single-mode fiber connectors).
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Figure 4.2 (a) Varying the optical power by changing the injection current to the hybrid laser also
resulted in changing the output wavelength. (b) Changing the input power to the microring resulted
in shifting its transmission spectra, measured at out-coupled power levels ranging from 0.03 mw
(=15 dBm: lowest trace) to nearly 1 mW (0 dBm: highest trace) [input powers are 12.6 times (11
dB) higher]. (c) During measurement, the laser wavelength was aligned to one of the microring
resonances [shown, over a smaller wavelength range, in panel (d)]; black line: microring spectrum;
red line: laser spectrum; both at 1 mW.

The bare-die chips (both the laser and the microring) were mounted on temperature-controlled
stages with a TEC in feedback with a thermistor on the stage mount. The hybrid silicon laser was operated
using a laser diode controller in constant-current mode. Increasing the optical power via increased injection
current also shifted the wavelength as shown in Figure 4.2(a) as is typical for semiconductor microchip
lasers. A silicon microring resonator whose quality factor is high enough to align to only the central laser
peak [Figure 4.2(d)] and generate a high rate of photon pairs efficiently also shows a power-dependent
transmission lineshape [Figure 4.2(b)] in the relevant range of optical powers. To establish a stable

resonance, the microring was heated until the selected resonance aligned with the pump laser, as shown in
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Figure 4.2(c) and (d). The spectral alignment was continuously monitored during measurement using the
reverse-biased photocurrent of the silicon p-i-n junction diode fabricated across the microring [130] and
confirmed using high-magnification infrared camera images of the microring. At the same time, the
wavelength of the light emitted by the bare-die hybrid laser was monitored from a 10% tap at the output
using a wavelength meter, with stability at the single-digit picometer level typically being required in our
experiments. Electrical signals were applied to the contact pads on the chips using signal-ground probes
controlled by micro positioners. Polarization-maintaining fibers, fiber-loop paddles, and lensed tapered
fibers with anti-reflection coating were used to couple light to and from the silicon chip, and nano
positioning stages with piezoelectric actuators were used for accurate positioning of the fiber tips to the
waveguide facets. The insertion loss of each fiber-to-waveguide coupler on the silicon photonic chip with
the microring resonator was estimated as 5 dB averaged over the wavelengths of interest based on
transmission through simple waveguides. The output loss of the chip with the hybrid laser is not known
since it was cleaved specially for this project (i.e., one-off fabrication). Light was coupled to and from the
chips using lensed tapered SMF-28 fibers. Output light from the chip with the microring was split by a
wavelength-insensitive 3 dB splitter and routed through cascaded filters  (off-the-shelf
telecommunications-grade components, albeit with some customization for computer-controlled
tunability) to select one pair of spectral lines of Stokes (also called idler) and anti-Stokes (signal) photons
positioned symmetrically around the pump wavelength. The desktop filter assembly provided more than
130 dB passband-stopband contrast, and 1.8 nm FWHM bandwidth, with 7 dB insertion loss in each of the
two filtering channels. Four single-photon detectors were available for the measurements: two gated
InGaAs SPADs and two WSi SNSPDs. The former was thermo-electrically cooled to 233 K, whereas the
latter were cooled to 0.8 K in a closed-cycle Helium-4 cryostat equipped with a sorption stage.
Characteristics for the InGaAs detectors were as follows: detection efficiency 15%, dead time 10ps, and
gated at 50 MHz. The detection efficiencies for the SNSPDs were about 90%; these detectors were free

running and operated in a simple dc-biased mode with two-stage RF amplified readout using off-the-shelf
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electronics. Coincidences were measured in the same way as in Chapter 3 with acquisition times of 300 s

when using the free-running SNSPDs and 900 s or 1500 s when using the gated InGaAs SPADs.

4.3 Measurement
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Figure 4.3 (a) CAR for pair generation using the hybrid laser with 1 mW average power, modulated
into 80 ps pulses at a repetition rate of 1 GHz and an on-off ratio of about 10. (b) Similar CAR and
PGR were measured using the reference laboratory laser. (¢) CAR versus power measured using the
hybrid laser in the CW mode. The fitted line has the expected functional form P;?, except for the
last point (highest power) at which the background accidental rate was higher (see inset). (d) The
measured coincidence count rate was scaled by losses incurred after pair generation to infer an on-
chip PGR. Excluding the last point, fit PGR = R x P2 calculates the pair-generation rate R =
1.12 4+ 0.11 x 10% Hz/mW?2.

The characterization measurements compared PGR and two-photon correlation measurements
when using the externally filtered hybrid 111-V/Si laser to using a reference laboratory laser. As a

representative example, Figure 4.3 shows the CAR of photon pairs generated when pumped with 1 mW
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(in-fiber power) from the filtered hybrid laser [Figure 4.3(a)] or from the reference laboratory laser [Figure
4.3(b)]. SNSPDs were used for the measurements. In both cases, the pump light for initiating SFWM in the
microring was carved using an electro-optic modulator driven by a step-recovery diode [175] into short
pulses of duration approximately 80 ps (matching the photon lifetime in the microring resonator). The CAR
and PGR for the hybrid laser were comparable to those measured using the reference laser, at similar raw
coincidence rates of 1.56 Hz and 1.30 Hz (respectively). The on-chip PGR was calculated from the
measured coincidence rate by accounting for the insertion loss of the filters (7 dB), chip-waveguide

coupling (5 dB), 3-dB splitter between the chip and filters, and the efficiency of the detectors.

Figure 4.3(c) shows the scaling of CAR and the coincidence count rate versus the input power (P,)
in the bus waveguide on the chip (—5 dB insertion loss was incurred to couple light from the fiber to the
waveguide). The uncertainties in C,.. and D are one standard deviation values and were propagated to
generate the error bars in the CAR plot. The fitted line has the expected [28,135] functional form P51,
followed by the measurements except for the last point (highest power) at which the background accidental
rate was higher (see inset), indicating an increased likelihood of broken pairs due to free-carrier
absorption [33]. Converting the on-chip power to in-fiber power levels (i.e., accounting for the 5 dB loss in
coupling from fiber to chip), the horizontal axis of Figure 4.3(c), reported as in-waveguide (on-chip) power,

corresponds to measured power levels of 0.3-3 mW in fiber.

In Figure 4.3(d), the (on-chip) PGR is shown as a function of input power in the bus waveguide
before the microring. The fitted line, following the functional form PGR = R x PZ, agreed with the data,
except at the last point of highest input power, where the accidentals contributed significantly to the peak
coincidence value, as shown in the inset to panel (c). The fitted PGRis R = 1.12 + 0.11 x 10° cps/mW?.
This is a typical value for silicon microrings and is slightly lower than the experimental results tabulated

in [113].
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Figure 4.4 (a) HBT measurement of photon bunching of the signal photons, without being
conditioned on the detection of the idler (Stokes) photon. (b) Measurement of the (time-averaged)
heralded second-order self-correlation function, using gated detectors to reduce the number of
accidentals. (c) The measured data and fitted line resulted in gZg;(0) = 2.09 + 0.03. (d) g&(0) =
0.06 + 0.17 measured for the hybrid microchip laser (red circle: 0.9 mW power on-chip) agreed
with the trend established using the reference laser (black squares). The dashed lines show 90%
confidence intervals of the fitted trend.

Figure 4.4(a) shows the experimental configuration for the HBT measurement of photon bunching
of the signal photons. For an ideal single-mode source generated by a spontaneous optical nonlinearity in
which the heralds are not measured, one should measure g3gr(0) =2, consistent with thermal
statistics [33,176]. The measurement was performed with the hybrid laser providing 3 mW in-fiber power,
and the fitted data resulted in gigr(0) = 2.09 4+ 0.03, as shown in Figure 4.4(c). A value close to 2
generally confirms the single-mode character of the pair-generation process and absence of pump-induced
noise. The coherence time calculated by fitting the peak of Fig. 4(c) with a Gaussian function was 7. =
240 ps. This value comprises contributions of the coherence time of the cavity SFWM process (150 ps),

the effects of the finite binning resolution (100 ps), and the timing jitter of the measurement.

Figure 4.4(b) shows the experimental configuration for measuring the heralded single-photon
second-order correlation function, g&(0). The measurement was also performed with the hybrid laser
providing 3 mW in-fiber power. Because the InGaAs detectors have a low detection probability, the total
number of triple coincidence counts is low and requires several-hour-long integration times with free-
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running detectors [176]. We used a gated configuration, in which SPADs were biased for detection only
upon the successful detection of a herald photon, thus greatly reducing the number of accidental

coincidences, which would otherwise dominate the data [176,177].

Results for the reference laser (black squares) and the microchip hybrid laser (red dot) are shown
in Figure 4.4(d), with the latter point being g2(0) = 0.06 + 0.17 and being consistent with the trend
established by the reference laser. The errorbar is one standard deviation uncertainty in the fit to the
lineshape of g2(t), using the functional form defined by Eq. (12) in [154]. At present, only a single
measurement value could be reliably obtained for the hybrid laser because of wavelength drifts over the
relatively long acquisition times, a problem not present in the reference laser. The raw heralding efficiencies
were 0.05% for hybrid laser and 0.15% for the reference laser, showing heralding efficiency was about a
factor of 3 worse for the hybrid laser. After accounting for the additional loss incurred by photon “(B)” in
the filters and out-coupling from the chip, the heralding efficiencies were 1.4% (hybrid laser) and 4.3%
(reference laser). These are typical values for SFWM sources and require active multiplexing schemes to

raise the heralding rates significantly [80,178-181].

4.4 Discussion

Taken together, these measurements establish that the microchip hybrid silicon laser, after ASE
filtering, can generate photon pairs and single-mode heralded single photons in silicon photonics with a
low multi-photon probability and has the obvious advantages of small size and wafer-scale

manufacturability for applications that may need these attributes.

Summarizing the results discussed here, 130x10° photon pairs per second can be generated, with
CAR > 100, at about 0.34 mW optical pump power and anti-bunching upon heralding with a low value of
the second-order intensity correlation function. SFWM in a resonant Si micro-resonator only needs a small
fraction of the pump power that can be generated from the hybrid laser, whereas typical optical pump power

levels used in the crystal waveguide or fiber-based SFWM pair sources are higher than a few milliwatts and
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may not be compatible with hybrid lasers. Thus, the silicon microring resonator is well-matched to the
silicon hybrid laser for creating an integrated pair source device. These measurements also highlight the
need, if complete chip-scale integration is to be achieved, for optical filtering before the pair generation
stage, which has not yet received as much attention as filtering after pair generation [137]. Integrated silicon
optical filters have been used in pair-generation experiments at telecommunication wavelengths [137];
however, less attention has been paid to the design and integration of the high extinction ratio, large
free spectral range tunable integrated filters at 1310 nm (corresponding to the laser used here and used
in data center networks), rather than at 1550 nm. In these experiments, we used a separate fiber component

(a passband filter) between the laser chip and the microring chip.
4.5 Summary

In conclusion, the characteristics (e.g., the optical power level, laser linewidth, etc.) of the bare-die
hybrid laser were adequate for SFWM in our microring resonators and required only modest, table-top
temperature and drive current stabilization using off-the-shelf instruments. However, the hybrid laser
required filtering of the broad-spectrum ASE before initiating SFWM in the microring resonator, with an
out-of-band extinction ratio of 40 dB or more and a single passband (see Section 4.2). Without filtering, the

ASE was at too high of a background level to measure the generated rate of photons.

Given that, photon pairs and heralded single photons at fiber-communication wavelengths may be
generated at room-temperature using the same technology for electrically pumped hybrid silicon lasers as
intended for classical optical transceivers. Large-scale quantum communication and computing systems
will require hundreds to thousands of elemental components such as sources, logic gates, and
detectors [165,182]. It is infeasible to divide and distribute a photon stream from a single source to such a
high degree. Compact, electrically driven, high-quality photon-pair and heralded single photon sources built
using integrated optics may help realize large-scale distributed quantum communication and computing

systems. Using a single manufacturable silicon-based photonic platform may help meet these goals using
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cost-effective high-volume manufacturing and provide a pathway to integration with microelectronics for

overall system functionality.

Chapter 4 contains the material as it appears in the following of which the dissertation author was
the secondary investigator: Xiaoxi Wang, Chaoxuan Ma, Ranjeet Kumar, Pierre Doussiere, Richard Jones,
Haisheng Rong, and Shayan Mookherjea. "Photon pair generation using a silicon photonic hybrid laser."”
APL Photonics 3, no. 10 (2018): 106104; Xiaoxi Wang, Chaoxuan Ma, Ranjeet Kumar, Pierre Doussiere,
Richard Jones, Haisheng Rong, and Shayan Mookherjea. "Photon pair generation using silicon photonic
microring and hybrid laser." In CLEO: Applications and Technology, pp. JTh5C-6. Optical Society of

America, 2017.
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Chapter 5
Photon Pair Sources in the Network

QKD might be the most mature quantum information technologies today, which guarantees the
unconditional security of key distribution via quantum mechanics. A lot of recent research efforts have been
devoted to integrating QKD and other quantum communication technologies into the existing
communication infrastructures. In this chapter, we investigate the feasibility of integrating silicon microring
photon pair sources into the current optical fiber networks by leveraging a fraction of high-speed optical
transceiver as pump in the SFWM process (Section 5.1) and exploiting the device’s capability of
multiplexed generation of photon pairs at both telecommunication bands, i.e., 1310 nm and 1550 nm bands

(Section 5.2).
5.1 Photon Pair Generation by a Fraction of a 10 Gbps Data Stream

While some integrated microchip QKD transmitters have been demonstrated, those based on silicon
photonics rely on a separate external laser [56,183-186] whereas integrating the laser either requires
advanced active-passive I11-V semiconductor fabrication [171] or hybrid Si photonics [172]. External-
cavity laser diodes and mode-locked lasers which are used in many SFWM experiments are large, expensive
and power-hungry devices, compared to the microring resonator, or the small integrated-optics components
inside a typical optical communications transceiver used in fiber-optic networks. Wafer-scale fabricated
hybrid 111-V/Si lasers have been used as the pump (see Chapter 4 or[187]), which makes the
implementation more compact and less expensive, but the fabrication is a specialized process and complete
integration yet has to be achieved [172]. Co-packaging a laser with integrated optoelectronics is difficult

and is one of the most expensive parts of optical transceiver technology [188].

Here we shows that it is possible to do so without a dedicated laser, using instead a fraction of a 10
Gbps non-return-to-zero (NRZ) data stream as an optical pump source for photon pairs and heralded single
photons, which have applications in entanglement-based QKD, quantum repeaters, memories and quantum
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optical computing. There are millions of such channels in optical communications and data center networks,
many of which can spare a bit of extra headroom, at least for brief durations. A fraction of a classical
communications channel between two off-the-shelf SFP+ transceivers was tapped (i.e., a small fraction was
diverted) and used for photon-pair generation in a silicon microring device (see Figure 5.1). The average
power level of the pump before the microring was -5.5 dBm, which is a small fraction of the typical 0 dBm
power level used in a classical communication link. The untapped light is free to continue to establish the
classical link. Our result shows that many of today’s optical networks may be able to conveniently generate
guantum resources such as heralded single photons on a massive scale, without requiring purchase,
installation and maintenance of dedicated lasers, which are among the most costly and least reliable

components in an optical communications link.

5.1.1 Experimental Details

The two computers involved in the classical communication were PC workstations [see Figure
5.1(a)], running a standard operating system, with plug-in PCI-e network interface cards (NICs) supporting
plug-in 10 Gbps SFP+ transceivers with single-mode fiber pigtails for optical communications near 1.55
um wavelengths. The eye diagram of the classical channel is shown in Figure 5.1(b) (receiver jitter has not
been deconvolved) and exhibits a few tens of picoseconds of jitter, typical in transceivers compliant with
IEEE 802.3 and similar standards. Off-the-shelf DWDM-grade SFP+ transceivers were used in both NICs,
whose wavelengths were discretely tunable in steps of 50 GHz. The discrete wavelength step is much larger
than the linewidth (approximately 2 GHz) of the silicon microring resonators used in this experiment, and
therefore, the precise wavelength alignment was achieved by tuning the microring, not the transceiver. The
microrings can be tuned thermally over several tens of nanometers in wavelength, so the precise wavelength
of the transceiver is not important. The design of the silicon microring can be found in Section 3.2. The
micro-resonator’s loaded-cavity photon lifetime (76 ps) approximately matches the pulse duration of a 10

Gbps NRZ data stream, and the classical bits have the appropriate time duration for SFWM pumping.
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Figure 5.1 (a) A fraction of a 10 Gbps NRZ data stream is used to perform photon-pair generation
using a silicon microring. (b) Eye diagram of the classical data stream. (c) Microring transmission
resonances showing the locations of the pump (P), signal (S) and idler (1) resonances used in this
experiment. (d) The experimental setup for photon pair generation. ASE: amplified spontaneous
emission. TEC: thermo-electric controller.

The experimental configuration including ancillary telecommunications components is shown in
Figure 5.1(d). Details of the edge-coupling setup is the same with that in Section 3.2. Filters and polarization
controllers have already been integrated into a silicon photonics platform for classical optics applications,
and may be a convenient future simplification. The temperature of the microchip was maintained slightly
above room temperature and the TEC was used to bring the microresonator into stable spectral alignment
with the wavelength of the incoming data stream used as the optical pump for SFWM. The state of
polarization of the input data stream, though not actively controlled, was quite stable over a duration of
several tens of minutes. Variations in the state of polarization change the generated rate of the signal and
idler photons similarly, and may not affect certain applications such as QKD except in time-to-completion.
For applications where a uniform brightness of photon pairs must be sustained, an active polarization
controller or tracker should be incorporated into the chip or system design. The ASE background of the
input light from the transceiver was suppressed at the wavelengths to be used for pair generation (i.e., the
signal and idler wavelengths) using a relatively broad bandpass filter (FWHM of 1 nm at 1550 nm). The
level of ASE background in a communications link varies widely with the specific implementation;

however, let us assume, for the sake of performing a quick estimation, that the ASE level is about -50 dBm.
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A rate of generated photons at 1.55 um wavelengths of 100 MHz translates to an average power level of
about -79 dBm. Thus, it is important to suppress the ASE background at the signal and idler wavelength
spectral windows by at least 40 dB, in this representative example, in order to be able to detect the photon
pair above the background of photons already present from ASE. While a dedicated optical filter was used
in this experiment, a WDM add/drop element, widely used in practical networks, would achieve the same
result [98]. For these experiments, signal and idler wavelengths near 1535nm and 1575 nm, respectively,
were selected for convenience, since such photons can be easily separated using a standard
telecommunications C/L band splitter component. Photons were detected using two fiber-coupled SNSPDs
with detection efficiencies measured to be about 90% at 1550 nm wavelengths, with a timing jitter FWHM
of about 130 ps. Cryogenically-cooled detectors are expensive to build and operate, but quantum
communication protocols such as MDI-QKD can be implemented by placing detectors (without transmitters)
only at interior nodes of the network, and inexpensive transmitters (without detectors) at the edges.

Coincidences were measured using a multi-input TDC instrument, with a 0.16 ns bin width.

5.1.2 Measurements

5.1.2.1 Singles and Coincidence Rates

Figure 5.2(a) shows the scaling of the singles rates for the signal and idler photons as a function of
the average pump power, i.e., the average power of the 10 Gbps NRZ data stream used as the pump. These
are the raw measured singles rates, and include uncompensated experimental loss contributions (-5 dB loss
for coupling from the microchip to fiber, -7 dB insertion loss from filters, -1.9 dB detector efficiency); the
on-chip singles rates are about 14 dB higher. As expected [33], the scaling of the singles rates is quadratic
with the average pump power. The scaling of the (loss-compensated) coincidence rate is shown in Fig. 2(b)
and follows the expected quadratic trend (the vertical axis is shown on a logarithmic scale), until a drop-off
was noticed at higher pump powers, most likely due to free-carrier absorption and /or thermal detuning of
the microring resonator. The fitted efficiency of pair generation was 14.6 MHz/mW?, which is not the record

result [25], but is comparable to most other reports of SFWM in silicon microrings (see Table 3.1).
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Figure 5.2 (a) Singles rates (raw measurements) versus average input power in the bus waveguide.
(b) Coincidence rate (scaled by losses, approximately -14 dB in each of the signal and idler photon
pathways) versus average input power in the bus waveguide. The indicated fit, excluding the last
few points, and shown by the solid line, is used to infer the PGR. The right-hand side vertical axis
reports the measured (raw) coincidence rates. (c) CAR versus average input power in the bus
waveguide.

5.1.2.2 CAR

Figure 5.2(c) and Figure 5.3 report the measurements of CAR versus input average pump power.
Each histogram peak was fitted by a Gaussian function, whose FWHM was typically 0.31 ns, as shown by
the representative example in Figure 5.3(b). The histogram of start-stop coincidences (measured bin counts
divided by the measurement time in seconds) which resulted in the highest CAR is shown in Figure 5.3,
along with a segment of the accidental coincidences in the inset figure. The highest CAR was 3,000 + 500
measured using an integration time of 3,000 seconds. As expected, CAR decreased at higher pump powers,
with a fitted trend shown in Figure 5.2(c). The fit is based on the ratio-of-polynomials functional form
CAR = P(aP? + bP + ¢)~* which, at low pump powers, saturates at a certain maximum value and then
drops to zero [161]. Other fitting forms have been used in the literature, which do not show evidence of
CAR saturating at low P values, and sometimes, the saturating and non-saturating behavior can be seen for
the same device at different wavelength regimes [189]. Here, we use the functional form that recognizes
that, in an optical communications network, “true” coincidences generated by very low pump powers are
likely to be masked out by the imperfectly-filtered background ASE level, since optical filters do not have
infinite extinction ratio, and thus CAR should be low as P, decreases further. For clarity, the extrapolation

of the fit to the regime of lower pump powers than was actually used is shown in Figure 5.2(c) by the dotted
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line. At the higher end of the pump powers used in these measurements (which were much less than 1 mW,
or 0 dBm, the typical average power level of a data stream in an optical network), the error bars in the
calculation of CAR were lower because the singles counts were higher. At an average input pump power
of 0.23 mW, a CAR of 193 + 11 was measured. While there is no fixed rule on what CAR values should
be, values in excess of 50 have been recently considered satisfactory for typical applications of photon pairs
in communications and QKD [137]. These measurements, based on optical pumping by a 10 Gbps data
stream, are reassuringly similar to well-known trends and quantitative values in pair generation using silicon
photonic microrings pumped by laboratory-grade diode laser instruments [83,137,153]. These
measurements show that high-quality pair generation can be obtained by tapping a 10 Gbps NRZ data

stream from an optical network, with sub-milliwatt average power levels, to serve as the pump.
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Figure 5.3 (a) Start-stop histogram for the measurement with the highest CAR value, 2873 + 1415.
(b) Plot of the coincidence peak. (c) A section of the accidental coincidences trace, showing the low
level of background noise in the measurement.

5.1.2.3 HBT Measurement

Figure 5.4(a) shows the schematic for the measurement of the single-photon second-order self-
correlation function, g2(t). Coincidences were defined as simultaneous detections within a 5 ns time
window. One of the photons in the SFWM pair is detected in path ‘A’ as labeled in the figure, and may, or

may not, be used as a ‘herald’ for a coincidence measurement. If heralded, the remaining single photon is
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expected to be anti-bunched, whereas when the signal arm is measured without regard to a herald, the
photon is expected to be bunched [79] as shown by the start-stop statistics in Figure 5.4(b). The peak value,
g?(0) = 2.21 is close to the expected value g?(0) = 2 for a single-mode thermal state [190]. Generally,
the impact of SNSPD timing jitter is to lower the peak value of g2(0) [191]. Evidence of weak super
bunching indicates that some of the two-photon coincidences arise from more than one path way, and have
been observed in experiments on pseudothermal light generated by intensity-modulated, rather than CW,
light incident on rotating-glass plates [192]. The TDC instrument performs these calculations in real-time
with no post-selection; however, a very long acquisition time is needed for an accurate g2 (t) measurement,
which is currently limited here by the polarization and/or coupling drifts of the fibers to the unpackaged
silicon photonic microchip. For comparison, Figure 5.4(c) shows the HBT measurement for the SFP+ light
(without pair generation) attenuated to the single-photon level (-100 dBm), resulting in singles count rates

of about 1.25x10° cps, and no evidence of bunching is seen.
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Figure 5.4 (a) Schematic of the measurement setup for second-order auto-correlation statistics on
the signal photon. (b) For the unheralded measurement, g?(z) shows characteristic bunching, with
a peak value slightly exceeding the expected value of 2.0. (¢) No bunching is seen for the light from
the transceiver data stream, attenuated to single-photon levels. (d) The heralded (by the idler
photons) second-order autocorrelation of the signal photons at zero time difference, g2(0),
decreases with pump power and since g2(0) « 0.5, shows evidence of (heralded) single-photon
character. (e) In comparison, g2(0) =~ 1.0 for the light from the transceiver data stream itself, as
expected.

5.1.2.4 Heralded Single-Photon Generation

Figure 5.4(d) shows the scaling with pump power of the heralded (i.e., conditional) single-photon
second-order self-correlation function, g3 (0). Counting times varied from 100 seconds for the higher pump
powers to 600 seconds for the lowest pump power. The scaling trend seen in Figure 5.4(d) is consistent
with results obtained for pumping SFWM in the microring resonator with a laboratory CW laser, and g2(0)
is proportional to the biphoton rate [154], which, in SFWM, is quadratic in the pump power, P, at low values.

At the highest average power values (0.15 mW) used in this sequence of measurements, g3 (0) = 0.11 +
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0.051 at a heralding rate of R, = 340 kHz, showing deeply sub-Poissoinian statistics. This is already well
below the classical threshold. Even lower values, as low as g3(0) = 0.005 + 0.02 were directly measured
for a measured heralding rate of R, = 18 kHz. The heralding efficiency is about 3-4%, unchanged from
our previous experiments for this microring [25] and can be improved by changing the coupling coefficient
between the microresonator and the bus waveguide, and lowering the insertion losses of the filters and
detectors [83]. For comparison, Figure 5.4(e) shows the g2(0) statistics of the light from the data stream
itself, attenuated using external fiber-coupled attenuators to the single-photon regime, as would be used in
a BB84-type QKD protocol and similar applications. Data shown using squares were obtained by measuring
photons using the setup and calculation procedure resulting in panel (d) and described in the preceding
paragraphs. Data shown using diamonds were measured from the setup used in panel (c), i.e., the HBT
measurement which resulted in a feature-less g2(t) profile, as shown in Figure 5.4(c), and whose values
were averaged over the central 10 ns time window. The number of photons “per pulse” was calculated from
the average power level (average power levels before the detector for the indicated points range from -94
dBm to -106 dBm) and with respect to the bit period (100 ps) of the 10 Gbps data stream, multiplied by 2
since one-half of the bits are ‘0’ and do not contribute to the average power). These measurements show
Poissonian statistics. Thus, heralded single photons can be generated by pumping a silicon microring
resonator with a tapped fraction of a classical 10 Gbps NRZ data stream. As Figure 5.4(d) shows, about
one-tenth of a milliwatt needs to be extracted from the classical data stream, leaving the rest of the light to
complete the classical link. Together with the high CAR values, this suggests that information for optical
communications can be cleanly encoded on single photons, with only a small possibility that a receiver will
detect two or more signal photons when triggered by a single herald, or that the detected signal and herald
(idler) photons will be counted across the “wrong” time bins. These observations suggest that such photon

pairs could be useful resources for quantum communications in optical networks.
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5.1.2.5 Comment on Energy-time Entanglement

The generated photon pair could be used in energy-time entanglement; however, we do not yet
have a simple method of verifying such entanglement. One popular method is through a Franson-type two-
photon interference experiment, by violating Bell’s inequality [54,55] (see details in Section 1.1.1).
However, we cannot verify entanglement when pumping the SFWM process with a 10 Gbps NRZ data
stream. As shown by the eye diagram in Figure 5.1(b), the average duration of the pump pulse which
performs SFWM in the microring is somewhat shorter than 0.1 ns, the bit period, and thus, the time
difference between the “short” and the “long” arms of the time-bin Franson interferometer would have to
be significantly shorter than 0.1 ns, and the histograms of the two bins would also need to be cleanly
resolved. However, the binning resolution of the apparatus used in these measurements is 0.16 ns, and the
timing jitter of the detectors is about 0.13 ns. Consequently, the fitted FWHM values of the coincidence
peak, shown in Figure 5.3, is currently about 0.3 ns, which is much larger than the bit period. We cannot
yet measure the visibility of the coincidence fringe (as a function of the phase delay) in the Franson
interferometer, but hope to report on it in the future by using reduced-jitter detectors and electronics, which
have already been reported in the literature [193,194]. Using the silicon microring with CW or slower
repetition-rate pumping (e.g., 1 GHz), high values of Franson visibility (>98%) have been demonstrated

for the same microring resonator used in Chapter 3.

5.1.3 Conclusion

These results show that the photon pairs generated by initiating SFWM using a 10 Gbps NRZ data
stream as the pump were sufficient in quantity and quality in comparison with results previously obtained
using a stand-alone laser. Si microring resonators can be designed such that their pump power requirements
for SFWM are compatible with a tap fraction of a typical classical communications data stream, which has
an average power of about 0 dBm. The microresonator photon lifetime approximately matches the pulse
duration of the 10 Gbps data stream, and thus, the NRZ classical bits are already carved into the appropriate

time duration for near-optimal SFWM pumping. SFWM itself is a random process, and therefore, it is not
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of concern that a PRBS classical bitstream serving as the pump does not have a “1” pulse deterministically
in every time slot, unlike, say, a mode-locked laser serving as the pump. The use of (relatively inexpensive)
silicon photonics and the elimination of the separate pump diode requirement show progress in the same
spirit of cost reductions and simplifications of practical quantum photonics devices using existing

telecommunications technology.

5.2 Dual-Band Photon Pair Generation at 1550 nm and 1310 nm

Since there are two spectral bands which are widely used in classical communications, a pair
generation device should ideally be able to operate in both spectral ranges where initial applications of
guantum communication (e.g., QKD) may be implemented. Moreover, an argument has been made, in the
context of fiber experiments, for generating and using quantum photons at 1310 nm [195,196] which is less
widely studied than the 1550 nm band. Traditional entangled photon pair generation devices are formed
using optical fiber [94] or crystals such as PPLN, KTP, lithium tantalite, etc. [81,91,149,150,197]. Crystals
themselves have a wide transparency range, and can be used at various wavelength ranges including visible,
near-infrared and portions of the mid-infrared spectrum as well. In crystals, the generation of photon pairs
at both bands simultaneously and without cross-correlations has not been shown. Operation at distinctly
different wavelength bands in the same device is difficult, since periodically-poled gratings phase-match
efficiently over only a narrow band of wavelengths, and gratings, in general, have higher-order resonances
that may scatter light and impair the performance. For quantum communications using integrated photonics
components, it is not yet clear which spectral band is preferred in the deployed fiber links where both C/L-
band (approximately 1530-1600 nm) and O-band (1310 nm) wavelengths are used. Some communications
schemes, such as passive optical networks, use both wavelength bands [198]. As discussed in [199], the
Raman noise incurred in fiber propagation at 1310 nm wavelengths can be significantly (about 4000 times)
weaker than at 1550 nm; however, the propagation loss (fiber attenuation) can be higher. In terms of device
technology, there are more WDM components (splitters, filters, MUX/de-MUX etc.) available at 1550 nm,

but the standard channel spacing at O-Band is wider, making filtering easier, which is one of the most
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challenging requirements for integrated photonics. Thus, it is not clear which is the preferred wavelength
regime for operation of a microchip pair-source intended for compatibility with short-distance fiber
communications. The detector efficiency of single-photon detectors, particularly, avalanche diode detectors,
also varies strongly with wavelength, and dark-count reduction may be achieved by operating in the O-
band. Hence, researchers have developed pair sources at both wavelengths, for example [200] in the C-
band and [201] at the O-band. In fact, devices using SPDC can generate a photon pair with one photon at
1550 nm and the other at 1310 nm, and thus, one photon can serve as the herald for the other [202-204].
While this is not possible in silicon photonics because of the comparatively-narrow band nature of SFWM
phase-matching, we demonstrate that a single microring resonator can, in fact, generate entangled photons
of high quality at each wavelength band separately. This is not an obvious result, in the sense that the modal
properties of silicon nanophotonic waveguides, and the coupling behavior of micro-resonators to
waveguides, are strongly wavelength-dependent in high-index-contrast silicon photonics [205]. The use of
a single device which can operate at either wavelength regime, as desired, is important to reduce the device
fabrication/yield variability, which is still a significant concern in foundry-fabricated silicon photonics,
especially with high-Q micro-resonators that require an optimized coupling to a waveguide for optimum
operation [113]. Here, we address one of the existing limitations of silicon photonic pair generation devices:
the difficulty in generating high-quality entangled photon pairs at both 1310 and 1550 nm wavelength bands

that are widely used in optical communication networks and components.

In this section, a simple device is measured and characterized which generates a high quality of
entangled photon pairs at both these wavelengths simultaneously, when two optical pumps are introduced.
The structure also works as a “regular” pair generation device when only one pump is used, and in fact, one
of the measurements reported here is that of a CAR of 19 000 which is the highest CAR value yet reported
for silicon photonics pair generation in any device, at any wavelength. Moreover, by separating the two
pump wavelengths by more than 200 nm, this device helps meet the ongoing challenges of multiplexing

and scaling up photon pair generation, and avoid the difficulties and impairments (such as cross-pump
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interactions) faced in two pump SFWM processes when the two pump wavelengths are close to each
other [153]. The underlying technical challenge is to design a silicon photonic pair generation structure that
can operate at these rather different wavelengths. Firstly, compared to diffused/ion-exchanged waveguides
in glass, or optical fiber, the GVD of silicon waveguides is very high (by three or four orders of magnitude).
Thus, not only is a Si waveguide much less efficient than a PPLN waveguide, but it is more dispersive as
well. Secondly, dual-band micro-resonators with a clean transmission spectrum (showing suppression of
multi-mode effects) are uncommon (but, as shown here, not impossible), since components, materials and
cross-sections are typically optimized around one wavelength. What is required is six-fold resonance at
pump, Stokes, and anti-Stokes wavelengths of SFWM process at both bands, which would be very difficult
to design and to operate in a stable manner for traditional nonlinear resonator devices using -V
semiconductors [206] or periodically-poled crystal waveguides. As shown here, the high-index contrast of
silicon photonics, coupled with the ability of silicon microfabrication techniques which allow for precise
and repeatable fabrication, results in devices that show clean, essentially single-mode transmission spectra
at both 1310 and 1550 nm wavelength bands. Also, the ability of silicon (a semiconductor) to incorporate
microelectronic components such as monitoring p-i-n diodes within the microring itself allows for
monitoring and alignment of the resonance to the pump wavelengths, was essential for stable operation and

the measurements reported here.

5.2.1 Experimental Details

The simple device used for simultaneous dual-band entangled photon pair generation is a high Q-
factor all-pass microring, side-coupled to a single waveguide, with an appropriately-chosen coupling
coefficient as described below. The design details of the microring can be found in Section 3.2. Simulations
of |«| versus wavelength (1) at both the 1550 nm and 1310 nm wavelength bands are shown in Figure 5.5(a)
and (c), respectively, for the lowest-order quasi TE polarized electrical field. A small value of k¥ < 0.05 is
one of the two necessary components for achieving a high loaded Q-factor, and thereby, bright pair

generation, with the other factor being the loss of the waveguide.
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Figure 5.5 (a) and (c) are FDTD-simulated coupling efficiency calculations |x|? as a function of
wavelength at 1550 nm and 1310 nm bands respectively. (b) and (d) are the measured transmission
spectra at 1550 nm and 1310 nm bands, respectively, showing a single-mode-family set of
resonances at both bands in the same device.

The silicon waveguides used in the feeder waveguide and microring had a propagation loss
(measured on test sites consisting of waveguides of different lengths) of approximately 0.74 + 0.02 dB/cm
at 1550 nm and 1.13 + 0.12 dB/cm at 1310 nm, resulting in: (a) at 1550 nm, an intrinsic Q-factor of
approximately 9x10°, and a resonance lifetime T ~ 76 ps (loaded Q-factor of 9.2x10% with a spectral
FWHM of approximately 2.1 GHz); and (b) at 1310 nm, an intrinsic Q-factor of approximately 3x10°, and
a resonance lifetime 7 = 40 ps (loaded Q-factor of 5.7x10%, with a spectral FWHM of approximately 4.0
GHz). A “clean” transmission spectrum was measured at both wavelength bands, as shown in Figure 5.5(b)
and (d). Recall that the overall Q-factor depends on both the intrinsic propagation loss of the waveguide
forming the microring and the coupling coefficient between the microring and the waveguide. Here, the
slightly higher propagation loss at 1310 nm is somewhat compensated for by the smaller waveguide-to-ring

coupling coefficient, as shown in Figure 5.5(a) and (c). Thus, a similarly high Q-factor is achieved at both

wavelength bands.
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Figure 5.6 Experimental setup for pair generation and measurements of the cross-correlation
between signal and idler photons i.e., CAR, and two-photon Franson interferometry visibility. For
the CAR measurement, all the SNSPDs connected directly to the filters (Box B was replaced by
another Box A). For the visibility measurement, Box B was used to measure the fringe visibility of
photon pairs generated by one pump, as described in the text, while Box A simply connected filters
and detectors to monitor the photon count rates generated by the other pump and measure their CAR.
ATT: variable optical attenuator, OTF: optical tunable filter, PC: polarization controller, MUX:
multiplexer, TEC: thermoelectric controller, ROADM: 3-port reconfigurable optical add-drop
multiplexer, DLI: delay-line interferometer, SNSPD: superconducting nanowire single-photon
detector, TCSPC: time-correlated single-photon counter.

Photon pair generation measurements reported here used the experimental configuration shown in
Figure 5.6. The bare-die chip was mounted on a temperature-controlled stage with a thermoelectric
controller in feedback with a thermistor on the stage mount. The spectral alignment of the pump laser(s) to
the microring was continuously monitored during measurement using the reverse-biased photocurrent of a
silicon p-i-n junction diode fabricated across the microring [130], and confirmed using high-magnification
infrared camera images of the microring. Figure 5.7(a) shows infrared camera images of the microring at
the resonance conditions of the two pump lasers, operated individually and simultaneously. Because of the
limited dynamic range of the camera, it was difficult to quantitatively distinguish the third case from the
first two; however, the photocurrent readout with two pump lasers was seen to be a linear sum of the

photocurrents for the two individual lasers.
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Figure 5.7 (a) Infrared camera images, acquired using a top-view microscope and a high-
magnification objective lens, of the microring off-resonance and resonating with 1554.94 nm pump
light, with 1316.52 nm pump light, and with both wavelengths simultaneously. (b) Measured singles
count rates as the second pump is turned on and off, after the first. P1 and P2 are 1550 nm and 1310
nm pumps respectively. Red and yellow lines are single counts for 1550 nm signal and idler photons;
green and blue lines are those for1310 nm signal and idler photons.

Light was coupled to and off the silicon chip using polarization-maintaining fibers, polarization
controllers, and lensed tapered fibers with anti-reflection coating. The latter was designed for C-band, but
functional for O-band as well. The insertion loss of each fiber-to-waveguide coupler was estimated as 3.5
dB. Nanopositioning stages with piezoelectric actuators were used for accurate positioning of the fiber tips
to the waveguide facets. Input light from the O-band and C-band pump wavelengths, after filtering out the
ASE background with a relatively broad bandpass filter (FWHM of 1.8 nm at 1310 nm and 1 nm at 1550
nm), was combined using a WDM fiber component. An identical WDM component was used to spectrally
separate the output light at the chip output, which was then routed through cascaded filters to select one
pair of spectral lines of Stokes and anti-Stokes photons positioned symmetrically around each pump
wavelength. Limited by phase matching condition, the range of frequencies over which this occurs is limited
to a few terahertz around each pump frequency because of the dispersion of the coupler and the waveguides.
In each band, the same microring provided simultaneous resonance for all three frequencies across adjacent

free-spectral ranges with a tight constraint on the narrow bandwidth dictated by the high-Q resonance.

We used commercially available, telecommunications grade fiber-coupled optical filters for these
measurements. Two distinct sets of filters were used for the 1310 and 1550 nm bands; in the latter case, the
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availability of reconfigurable optical add-drop multiplexers (ROADMS) made the experimental setup more
versatile, as shown in Figure 5.6. ROADMSs are not yet readily available at the 1310 nm wavelength band,
and we simply used a 3-dB splitter to separate the “signal” and “idler” photons, incurring a penalty in the
coincidence rate. In the 1310 nm wavelength band, the pump wavelength was positioned at 1316.5 nm and
signal and idler photons were detected at 1309.8 nm and 1323.1 nm, respectively, with filter FWHM’s of
approximately 1.8 nm at both wavelengths. In the 1550 nm wavelength band, the pump wavelength was
positioned at 1554.9 nm and signal and idler photons were detected at 1535.5 nm and 1574.7 nm,
respectively, with filter FWHM’s of approximately 0.6 nm and 0.8 nm, respectively. Next-to-nearest
resonances are chosen here for pair generation in 1550 nm band due to the limited wavelength tuning ranges
of the filters®. Note that the spectral FWHM of the microring resonance was approximately 0.03 nm, much
narrower than any of the filter widths. Thus, these filters do not reshape the joint-spectral intensity, as may

be a concern with broadband SFWM in waveguides.

Photons were detected using four fiber-coupled SNSPDs. Two detectors were optimized for
wavelengths around 1310 nm with a detection efficiency of 90%, and the other two for 1550 nm with 65%
detection efficiency. These detectors were not gated and operated in a simple DC-biased mode with an RF-
amplified readout. Coincidences were measured using a multi-input TDC instrument, with 0.16 ns bin width

used for all coincidence measurements.

5.2.2 Measurement

The silicon microring generated photon pairs at both wavelength bands separately, and also at both
bands simultaneously when excited by both pumps. CW pumps were used for all these experiments. Before
discussing the quality of the photon pairs, we first discuss the dynamics when the second optical pump is
turned on and off, in the presence of the first pump. This is shown in Figure 5.7(b), which recorded the

change in single counts of all four channels (1550 nm signal and idler, 1310 nm signal and idler) when the

2 Tuning ranges are 1528-1562 nm for C-band filters (for signal photons) and 1567-1603 nm for L-band filters (for
idler photons).
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pumps were turned on and off individually. First, each pump was positioned (i.e., the numerical values of
the laser wavelength and power settings were chosen) individually and separately. Next, to create the time-
resolved graph shown in Figure 5.7(b), the second pump was simply turned on (at the pre-determined
wavelength power settings, with no further adjustment) when the first pump was already active. Next, the
first pump was turned off, and then it was turned back on again with no wavelength or power tuning. It
mimics the operation of the device in a practical communication network setting, where fine-tuning of the
resonance may not be practical. The p-i-n diode fabricated across the waveguide cross-section was used to
monitor the resonance of the microring to the laser wavelength(s). Under these conditions, Figure 5.7(b)
shows an anti-correlation between the photon pair fluxes generated by the two pumps, i.e., the photon
generation rate at 1550 nm drops slightly when the 1310 nm pump is turned on, and the photon generation
at 1310 nm rises further when the pump at 1550 nm is turned off etc. Finite numbers of counts were
registered on the 1550 nm detectors from the 1310 nm pumps alone, but there was negligible signal-idler
cross-correlation in this regime (and no entanglement), so these residual photons are just a noise background
from the ASE of the 1310 nm pump laser leaking through the filters, and do not serve any purpose (or leak
any information about the 1310 nm correlated-photon pair). The anti-correlation behavior seen in Figure
5.7(b) is more likely to be caused by a minor shifting of ring resonances induced by heating of micro-
resonator when a second pump is added, alongside the residual (the p-i-n diode is operated with a reverse
bias) FCA and nonlinear TPA, as explained in Section 2.1, rather than pump-pump mixing or depletion.
The measured reverse-biased photocurrents across the p-i-n diode in the waveguide cross-section was, in
the combined pump case (5.3 pA), approximately equal to the sum of the photocurrents in the individual
pump cases (4.6 pA for the 1310 pump of -4 dBm alone and 0.7 pA for the 1550 pump of -6 dBm alone).
Future measurements are being planned to investigate the time-constant of the change induced by turning
one of the two pumps on and off, but it appears to be relatively slow. The magnitude and sign (i.e., positive
or negative change) of the variations shown in the figure depend on the precise tunings of the wavelengths
and their positioning on the red or blue side of the ‘cold-cavity’ resonance. Theoretically, the optimal
positioning of multiple optical pumps in a semiconductor microring resonator which exhibits thermally-
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and carrier-driven bistability is a complex problem to be addressed separately from this experimental paper,
which shows that even without careful fine-tuning of the wavelengths and pump powers, the microring can
generate entangled photons at both pump wavelengths. To characterize the photon pairs, we examined the
conventional pair-wise metrics such as the CAR, which, for high values of CAR, is basically equal to the
second-order cross-correlation at zero time difference between the signal and idler photons, and also the
two-photon Franson interferometric visibility for energy-time entanglement [33]. Again, pump
wavelengths are pre-determined without re-positioning in these measurements. Since there are two pumps,
we examine not only the anticipated pairs (e.g., the signal and idler photons at the1550 nm band only, or
the signal and idler photons at the 1310 nm band only), but also the cross-correlations across wavelength
bands (e.g., selecting a signal photon from the 1310 nm band and the idler photon from the1550 nm band,

and vice versa).
5221 CAR

Figure 5.8 shows the second-order signal-idler cross-correlation function, g3(r), between the
signal (S) and idler (I) photons, measured across all the various pair-wise combinations of ‘S’ and ‘I’
channels, i.e., selecting an ‘S’ from either the 1550 nm band (subscript labeled ‘a’) or the 1310 nm band
(labeled ‘a’), and similarly for the ‘I’ photon (labeled ‘b” and ‘B’, respectively). The measurements shown
in Figure 5.8 were performed when both pumps are present, with CW power levels of —4 dBm at 1310 nm

and —6 dBm at 1550 nm, measured in the optical fiber just before the chip.
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Figure 5.8 (a) Second-order cross-correlation function of 1550 nm signal (subscript “a”) and idler
(subscript “b™) photons. (b) Second-order cross-correlation function of 1310 nm signal (subscript
“a”) and idler (subscript “B”) photons. (c)—(f) Cross-correlations between 1550 and 1310 nm signal-
idler photons across the two bands (note the subscripts).

The ‘in-band’ cross-correlation g2, (t) between the 1550 nm signal and idler photons (Figure
5.8(a)), and the ‘in-band’ cross-correlation gés(r) between the 1310 nm signal and idler photons (Figure
5.8(b)) each exhibits a clean sharp peak. The value of this peak is approximately equal to 1 + CAR (see
explanation in Section 1.1). The figures clearly indicate a strong correlation between signal and idler
photons originated from the same pump. Figure 5.8(c) and (d) show no evidence of cross-correlation when
the signal and idler photons are selected from among the pairs generated by different pumps, e.g., a signal
photon from the 1550 nm SFWM process and an idler photon from the 1310 nm SFWM process. These are
indeed the result we expect and desire, and they indicate that, in this device, each SFWM process operates
independently and in parallel. Moreover, since the wavelengths of the pumps were not changed when the

second pump was added to the first, these results also show that this silicon microring, as designed, was not
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too strongly perturbed (e.g., detuned, or its Q-factor degraded) when the second SFWM process was added

to the first.
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Figure 5.9 Second-order signal-idler cross-correlation at zero time difference (essentially equal to 1
+ CAR) as a function of input pump power (at 1550 nm) in the feeder waveguide before the
microring when (a) only1550 nm pump is present; (b) both 1550 and 1310 nm pumps are present.

To study this phenomenon in more depth, and explain why the microring works satisfactorily at
both wavelength bands, gZ(t) was measured for a signal-idler photon pair generated by the 1550 nm pump,
at a sequence of pump power levels, and in the presence of a 1310 nm pump with CW power level —4 dBm
in the fiber before the chip, also performing its own SFWM process. Each peak was fitted by a Gaussian
function, whose FWHM was typically 0.31 ns (which is the expected value for the settings and detectors
used in this experiment). The resulting g&,(0) as a function of input pump power at the 1550 nm wavelength
band is shown in Figure 5.9. When g;(0) continues to increase at low pump power regime, as shown by
the data points in Figure 5.9(a), a fitted line was used with the functional form aP;?, where a and b are
constants. When g2,(0) saturates, and then decreases (because of fewer measured true coincidences
compared to accidentals) at small values of P,, as shown by the data points in Figure 5.9(b), a fitted line
was used with the functional form (aPZ + bP, + ¢)™1, similar to those used in [161,207]. In this case, true
coincidences were overwhelmed by the residual pump ASE due to imperfect filter extinction ratio. However,

in the earlier reports, the highest values of CAR were much less than 100, whereas the limit here is higher.
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Acquisition time for each measurement ranges from a few seconds to a few minutes, depending on the input
pump power level, since longer acquisition time is required to obtain a small uncertainty error bar. The
uncertainties, too small to see in the figures, are mainly from accidentals (broken pairs from the losses
incurred in coupling off the chip and subsequent filtering) and are calculated as one standard deviation in

the values of g2(7) in bins away from the peak.

When only the 1550 nm pump was present, we measured a very high g3,(0) value, 19,001 + 144,
resulting in a CAR of 19,000 which is the highest CAR value yet reported for silicon photonics pair
generation in any device, at any wavelength. As is usual, this occurs at the lower end of the range of pump
powers used in the experiment, when the measured (i.e., including the coupling and filtering losses) singles
rates were 2 and 1.7 kHz, and loss-scaled (on-chip) photon generation rates were 37 and 56 kHz. At the
highest power value used here, with the 1550 nm pump set to CW power level —6 dBm in the fiber before
the chip, g&,(0) was 484 + 4, for which case the measured singles rates were 50 and 46 kHz, and the on-
chip photon generation rates were 0.93 and 1.5 MHz for the signal and idler photons. In passing, we note
that these values are similar to those (CAR of 532 at a PGR of 1.1 MHz) obtained in Chapter 3 focusing on
the 1550 nm SFWM process only, in which we further showed a HBT measurement with conditional self-

correlation, gZ(0) = 0.098, i.e., strong anti-bunching of a heralded single-photon source.

The same measurements were performed when the 1310 nm pump (power —4 dBm before the chip)
was also present, whose SFWM process resulted in measured singles rates of 48 and 54 kHz, corresponding
to on-chip photon generation rates of 1.6 and 2.3 MHz. In this case, gZ (0) again increased at lower power
levels (of the 1550 nm pump) but saturated at about 1,943 + 15, while still obtaining a high value of 653 +
5 at the maximum power value. Thus, the CAR values are similar at the higher power levels (and at
megahertz-rates of generated photons), but we were able to reach a higher CAR value at the lower power
levels (and few-kilohertz-rates of generated photons) when only the 1550 nm pump was used, rather than

both pumps. This is most likely due to a small value of residual pump power from the ASE of the 1310 nm
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pump leaking through the finite extinction ratio of the filters, and causing a small number of accidental

counts which are more strongly felt when the number of true coincidences is low.

5.2.2.2 Energy-time Entanglement

The generated photon pairs from both pumps are expected to demonstrate energy-time
entanglement which can be investigated through the Franson-type two-photon interference experiment. We
used the unfolded Franson interferometer configuration as shown in Figure 5.6, in which an electronically-
tunable DLI is placed in the pathway of each of the signal and idler photons of the generated pair (after
filtering). The two DLIs used in these measurements were fiber-coupled, polarization-maintaining devices,
each with an FSR of 2.5 GHz (at 1550 nm) and peak-to-valley extinction ratio approximately 25 dB.
Although designed for the 1550 nm wavelength (i.e., the manufacturer-specified FSR and insertion loss is
correct at 1550 nm), we verified that they can also be used at 1310 nm with low insertion loss, but a different
FSR (which is irrelevant for these measurements). The phase difference in the DLI’s was piezo-controlled,
and was tuned by voltage from a programmable low-noise power supply. Unlike in other
experiments [152,159], no active DLI stabilization was required. Such DLIs are costly, individually-
assembled instruments and we have two DLIs available for experiments. Thus, when the Franson
measurement was performed at 1550 nm (i.e., photon pairs generated in the 1550 nm band were routed

through the DLIs), a CAR measurement was simultaneously performed at 1310 nm, and vice versa.

The visibility fringes were measured by step-scanning the voltage setting on one DLI and holding
it constant on the other DLI. A start-stop histogram was recorded for each voltage setting. The fitting
uncertainty (one standard deviation) is shown as the error bar in Figure 5.10(a) and (b) and is too small to
be visible. Although the signal and idler photons are at different wavelengths, separated by about 40 nm,
the differential group delay accumulated over a few meters of fiber is negligible, compared to the timing

jitter of the detectors.
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Figure 5.10 Time—energy entanglement measurement of 1550 nm photon pairs at presence of 1310
nm pump.(a) Franson visibility fringe of the “short—short™ and “long—long” coincidence interference
for photons pairs generated near 1550 nm. The horizontal axis corresponds to a phase setting of the
delay-line interferometer, obtained by scaling the step-scanned experimental voltage setting by the
voltage required to achieve a 2x phase shift. (b) Second-order cross-correlation function (essentially
equal to 1 + CAR) for photon pairs generated near 1310 nm. (c) Measured singles count rates for

signal and idler photons near 1550 nm. (d) Measured singles count rates for signal and idler photons
near 1310 nm.

The ring was pumped at both 1550 nm and 1310 nm, with power of —6 dBm and —4 dBm before
the chip respectively. Measurement results for 1550 nm photons are shown in Figure 5.10. The vertical axis
corresponds to the measured number of coincidences in the indicated time interval, without scaling for the
losses incurred in off-chip coupling, filtering and the finite detection efficiency. The observed fringe in
Figure 5.10(a) shows a fitted visibility of 97.8 + 4%, which clearly surpasses the 71% threshold as proof
of photon pair time-energy entanglement. The uncertainty in the visibility value derives from the goodness-
of-fit of the sinusoid function, while those for each data point, too small to be visible here, stem from
goodness-of-fit of the fitted parameters of the Gaussian function used to fit the central coincidence peak.
Figure 5.10(b) shows the signal-idler cross-correlation at zero time, g2,(0), of 1310 nm photon pair as a
function of phase tuning on the DLIs, whose lack of variation shows that the correlation in the 1310 nm

photon pairs was maintained during the measurements.
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Figure 5.11 Time—energy entanglement measurement of 1310 nm photon pairs at presence of 1550
nm pump. () Franson visibility fringe of the “short-short” and “long—long” coincidence
interference for photons pairs generated near 1310 nm. (b) Second-order cross-correlation function
(essentially equal to 1 + CAR) for photon pairs generated near 1550 nm. (c) Measured singles count
rates for signal and idler photons near 1310 nm. (d) Measured singles count rates for signal and idler
photons near 1550 nm.

Similarly, the Franson visibility measurement results for 1310 nm photon pairs were shown in
Figure 5.11. For the measurement in Figure 5.11(d), one of the fiber connections in the filter assembly
broken and was manually spliced, incurring a 5 dB differential transmission loss (of one channel with the
respect to the other), which does not affect the interpretation that g2(0) of the signal-idler photon pair
generated at 1550 nm was invariant during the Franson measurement at 1310 nm. The observed fringe in
Figure 5.11(a) shows a fitted visibility of 97.4 + 13.3%, which also evidences time—energy entanglement
of the 1310 nm photons. In both cases, the flat singles rates (versus phase), shown in Figure 5.10(c, d) and
Figure 5.11(c, d), show the absence of single-photon interference, as desired [54,55]. The high visibilities
measured here in the dual-pump case are similar quantitatively to the values we reported previously in
Chapter 3 for the single-pump case. Taken together, Figure 5.10 and Figure 5.11 confirm that the energy—

time entanglement properties of the pairs were maintained during the presence of the second pump.
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5.2.3 Discussion

The measurement results reported here show the feasibility of using an appropriately-designed
silicon microring to generate entangled photon pairs at the two optical fiber communication bands (1310
and 1550 nm) simultaneously. The signal-idler cross-correlation and time—energy entanglement of photon
pairs generated by individual pumps were maintained during the presence of the second pump. These results
lead the way to spectrally-multiplexed time—energy entanglement generation, which is a distinct step
beyond multiplexed correlated-photon generation, and pair generation at distinct wavelength bands.
Although the photons share the same physical medium (i.e., the silicon microring resonator), and there must
be some correlations between the spectral bands (induced, for example, by TPA and its subsequent
electronic carrier effects in the semiconductor), we see that they do not destroy entanglement, and there
were no measurable cross-correlations between the SFWM process across the bands. These conclusions
may be different if the properties of the microring were to be substantially changed. As shown in Chapter
2 , in micro-resonators with significantly higher Q values, the optical pump intensity of the recirculating
field is higher. For lower Q values, the PGR may be too small, thus requiring stronger pump powers. In
either case, the racetrack and/or directional coupler may be affected more strongly by thermal and free-
carrier induced shifts, beyond the scope of mitigation of the reverse-biased diode, and lead to potential
impairments, such as cross-pump correlations. In the process of performing these measurements, we also
measured a CAR of 19,000 which is the highest CAR value yet reported for pair generation in silicon

photonic microrings, at any wavelength.

Section 5.1 of Chapter 5 contains the material as it appears in the following of which the dissertation
author was the primary investigator: Chaoxuan Ma, Xiaoxi Wang, and Shayan Mookherjea. "Photon-pair
and heralded single photon generation initiated by a fraction of a 10 Gbps data stream."” Optics express 26,

no. 18 (2018): 22904-22915.

Section 5.2 of Chapter 5 contains the material as it appears in the following of which the dissertation

author was the primary investigator: Chaoxuan Ma, and Shayan Mookherjea. "Simultaneous dual-band
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entangled photon pair generation using a silicon photonic microring resonator.” Quantum Science and

Technology 3, no. 3 (2018): 034001.
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Chapter 6
Spectrally Filtered Photonic Photon Pair
Source

6.1 Introduction

Over the last decade, an integrated photonic approach is becoming increasingly attractive for QIP
applications [26,208-211]. Some integrated photonic microchips which generate and use single photons or
entangled photons have been demonstrated on SOI platform [210,211] for certain demanding QIP
applications. However, progress towards inexpensive and robust integration of quantum optical sources in
manufacturable platforms (e.g., wafer-scale foundry-fabricated silicon photonics) for widespread
applications, such as quantum communications or key distribution, is still incomplete. There is a growing

need for such devices, in order to scale up the development of quantum communication links and repeaters.

Different approaches to on-chip integration of photon sources offer possible solutions at various
wavelength ranges. Among the most popular devices are QDs [72,212], devices that generate photons from
color centers [68,213] and nonlinear waveguides [214-216]. Of these, the latter are most suitable at the
wavelengths near 1550 nm which are compatible with low-loss fiber optics transmission. With a strong
third-order nonlinearity, entangled photon pairs can be generated in silicon waveguides and micro-
resonators via SFWM. For example, a high quality of photon pair generation has been demonstrated in

several silicon photonic microring resonator devices, as reviewed in [25].

Here, progress is demonstrated towards the engineering development of a single-chip, inexpensive
and low-cost solution for high-quality and bright generation of entangled photon pairs and heralded single
photons at 1550 nm which can be widely used in optical communication systems and networks. The

motivation for this research is the observation that if high-quality photon-pair sources are designed as a

93



standalone device, they either require hybrid integration of a dedicated laser [187] or coupling of laser light
from external platforms [140,178,215,217,218] and their practical usefulness can be limited. Technical
challenges and additional losses (e.g., from multiple chip-fiber coupling stages) limits the scalability,
performance and quality of the generated photon pairs or heralded single photons. However, silicon
photonics already has a rapidly-growing device library of integrated device components, and can be
fabricated in large volumes using cost-effective wafer-scale processing, and thus possesses the potential to
address the needs for a low-cost, yet high-performance photon-pair source microchip at telecommunications

wavelengths.

The usual device architecture for photon-pair generation uses a dedicated laser to pump the SFWM
process in a waveguide or resonator. The most significant advancement we are pursuing in this research is
to eliminate the requirement for a dedicated pump laser, and instead, tap a fraction of the data-modulated
light that is already carried in the fibers that constitute an optical network. For example, a fraction of a 10
Gbps NRZ-modulated data stream, with a run-length balanced stream of 1’s and 0’s in an NRZ or RZ
modulated 10 Gbit/s optical communications channel has a large number of pulses whose peak power level

(=< 1 mW) and temporal width (50 — 100 ps) can be quite suitable for the purposes of generating entangled

photon pairs from certain silicon microring resonators. Such a concept could potentially readily implement
guantum communications within the same fiber networks as used in classical communications, using the
same lasers which are already present in data transceivers, and thus greatly cutting the cost of adding

guantum side-channels to classical links.

However, as discussed here, there are certain tradeoffs incurred in making such a significant
simplification. Communications-grade transceiver laser diodes are much noisier, with higher levels of ASE
noise than the laboratory-grade, external-feedback lasers or mode-locked lasers used to report the state-of-
the-art in photon-pair generation. Here, measurements are reported on an integrated chip that could
eventually be used with communications-grade lasers, but are, for the purposes of detailed characterization

(including imperfections), still measured using laboratory-grade external-cavity tunable low-noise lasers.
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Based on the reported data, progress has been made in meeting some of the challenges, and although
complete success has not yet been achieved, we have reason to be optimistic that the remaining challenges

can be overcome.

6.2 Overview of the Device Architecture

SFWM relies on the generation of correlated photons at the signal and idler frequencies, spaced
symmetrically around the pump frequency by one or more multiples of the resonator FSR [219,220]. Figure
6.1 shows the proposed scheme of using a fraction of a classical data link, rather than a dedicated laser, for
pumping the SFWM process in a silicon microring resonator. Unlike a laboratory-grade low noise tunable
laser (for example, see [221]), the ASE noise floor of a laser diode used in a typical optical data
communications transceiver (e.g., SFP+ module) is so high that photon pairs generated by even the most
efficient silicon photonic device pumped by such a laser will be buried far below the ASE floor at the same
wavelengths [222,223]. For example, a hypothetical rate of 10 MHz of generated photons (taken, for the
sake of illustration to be higher than has been achieved so far in most silicon devices [25,152,162]) would
result in an average optical power level of only -80 dBm, which is more than 40 dB below the broad-band

noise floor of a typical transceiver-grade laser at 1550 nm.

While the PGR of SFWM increases quadratically with pump power, silicon micro-resonators
cannot be pumped with too much optical pump power, since they suffer from TPA and FCA [224-226].
One might, therefore, think that alternative materials are better suited for SFWM [227,228]. However,
silicon fabrication is the most practical device technology, and silicon photonics has many other library
components already developed which are useful in scaling up integrated circuits. Moreover, as long as a
reasonably high quality of the quantum light is desirable, no other integrated photonics technology has gone
much beyond about 10 MHz rates of photon pairs anyway. In this work, we focus on improving the silicon

photonics approach.
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There are four stages of this chip and a summary of the component specifications is listed in Table
6.1, comparing the design intention with the experimentally-measured result on the fabricated chip. A
schematic outline of the four stages of the chip, and their purpose is shown in Figure 6.1. The microchip
consists of a high-Q microring resonator for optically-pumped photon pair generation using SFWM, and
several stages of tunable filters, also using microring resonators. The first filter bank carves stop bands in
the broad ASE from the input pump light at the specific wavelengths that will be used for the generation of
the signal and idler photon pairs. This means that there has to be a specific relationship between the FSR
of the pair-generation microring and that of the ASE filter. The simplest such relationship is FSR(ring) =
FSR(filter) / 2, which results in pairs of symmetrically-spaced spectral notches being carved at the signal
and idler frequencies (or equivalently, wavelengths), and the pump frequency being allowed through with
low insertion loss. Here, we focus on one set of signal-idler frequencies around the pump. The filter
stopband width was designed to be about 1 nm, in order to match that of the conventional off-the-shelf

telecommunications-grade filters (100 GHz, 0.8 nm) used in front of the single-photon detectors.

SFWM

-

_ 5Pl .
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- ‘ | ‘ ‘ |
Pump rejector W —
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-
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Device Transmission Optical Spectrum

Figure 6.1 The photonic chip consists of a micro-resonator for photon pair generation and several
stages of tunable optical filters: ASE filter, pump rejector and signal/idler demux. The ASE filter
filters out the ASE from the pump laser. The resonator generates photon pairs through SFWM. The
next filter suppresses the pump to avoid subsequent SFWM process in waveguides and the last one
demuxes generated photon pairs to separate output waveguides.
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The filter which follows the microring suppresses the residual pump light to such an extent that
the rate of further SFWM (or spontaneous Raman scattering) in the photonic circuit is negligible. Thus, the
photon pairs generated in the microring are not contaminated from added photon noise in the rest of the
circuit before the output port. It is not possible yet to fully reject the pump light on a single microchip; the
required extinction ratio for high-quality pair generation is typically greater than 120 dB, and only cascaded
microchips have demonstrated such performance [111,137]. Our primary goal at the present time is to
prevent additional SFWM or scattering processes from corrupting the quantum state after it is prepared by
the microring, for which the rate of additive noise photons scales roughly quadratically with the pump
power. Thus, an extinction of only 40-50 dB would essentially eliminate such otherwise dominant noise
processes in a practical microchip architecture. With a minor modification (running the drop waveguide to
an output port), the residual pump light can be utilized for other purposes e.g., classical data
communication [229] or clock synchronization [230]. There is another stage of optical filters included in
the chip design, which was intended to serve to demultiplex the signal and idler photons. As such, the design
FSR was chosen such that 2 x FSR(de-mux) = 3 x FSR(ring). However, fabrication errors resulted in the
FSR being similar to that of the other filters, and thus, this filter also served mainly to suppress the pump a

bit further.

6.3 Device and Experimental Details

Table 6.1 Summary of Component Specifications

FSR FWHM Extinction ratio

Chip section
designed  measured designed measured designed  measured

ASE rejection filter 10 nm 11 nm 1nm 4nm >50 dB 19.4dB
Microring resonator 5 nm 10 nm 0.006 nm 0.011 nm 5dB 7dB
Residual pump
suppression filter 10 nm 11 nm 1nm 4 nm >50 dB 19.4dB
De-multiplexing 750m  9.3nm 1nm 47nm >50dB  25.6dB

filter
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The microchip was fabricated by a foundry silicon photonic process on SOI wafers, which has a
silicon layer of 230 nm on top of 2 um-thick buried oxide. The light path from the input to the output of the
chip traverses sixteen microring resonators, which serve various functions. Most important is the microring
used for pair generation, which was designed as an all-pass resonator, using partially-etched ridge silicon
waveguides of width 0.6 um and slab thickness 70 nm, with a propagation loss (nominal) of 0.7 dB/cm. To
comprise this ring resonator, four Bezier quarter-bends were used, each designed with a radius of R = 10

pum. Bezier bends achieve lower bending loss than a simple quarter-circle, leading to a higher Q factor and

thus, a higher PGR.

(a)

(b)
ASE filter Microring resonators Pump rejector De-multiplexer
(5™ order CROW) (SFWM pair generation) (5 order CROW) (5" order CROW)

' 4 mm

Figure 6.2 (a) Photograph of the wire-bonded chip and the fiber arrays used for edge coupling to
tapered waveguides at the edge of the chips, before final alignment of the fiber arrays for
measurements. (b) Optical microscope image of the chip, showing the various stages. The electrical
wirebonds and wiring traces are also visible. (PIC: Photonic Integrated Circuit. CROW: Coupled
Resonator Optical Waveguide optical filter configuration).

However, the optical circulating intensity is also higher, and may cause thermo-topic resonance
shifts. Using p and n implants, followed by via formation and metalization (as part of the foundry process)
a p-i-n diode was built in the cross-section of the waveguide used for the microring resonator. The dopants

were placed far from the middle of the waveguide, in order to minimize the optical loss. When the optical
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circulating power is high (i.e., the microring is driven by a pump laser whose wavelength is on resonance),
there is a weak, but easily measured photocurrent (see measurements below) which is proportional to the
optical power circulating in the microring [130]. The electrical readout of this diode (under a typical bias
of -1 V) provides a simple and convenient indicator whether the microring resonance wavelength is aligned
to the wavelength of the pump laser, and is particularly helpful when tuning the device or the laser to

compensate for thermo-optic resonance shifts.

The optical filters each consist of five coupled-microring resonators using fully-etched strip
waveguides. For these microrings as well, four Bezier quarter-bends were used in each “ring”, rather than
simple quarter bends. The (effective) radii of the ring resonators in each filter were tailored to suit their
distinct functions. Since they require the same FSR (10 nm) as the microring used for pair generation, the
ASE filter and the residual pump suppressor filters share the same design for their constituent microrings.
However, since the Q factor is lower, and therefore, the thermo-optic resonance shift was less of a concern,
compared to the pair generation microring, the monitoring diode is not needed. Therefore, the microrings
which make up the filters were designed using simple, fully-etched waveguides, without the slab region
and the dopants. The de-multiplexer was intended to have an FSR that is in between that of the microring
and the other filters, but was experimentally observed to have an FSR comparable to that of the pump

suppression filter, and practically had the same effect. Here too, fully-etched waveguides were used.

All filters and the microring used for SFWM have metal heaters above to shift their filter passbands
or ring resonances, which are formed with minimum geometry serpentines. The heater efficiencies were
measured to be about 0.05 nm/mW for the filters and about 0.08 nm/mW for the ring. The photonic chip
was wire-bonded with a PCB board and attached to the center of a brass board together with a thermistor
and a heat sink to keep the chip temperature controlled using an external TEC controller. Light was coupled
into and out of the chip by on-chip inverse tapers and edge-coupled polarization-maintaining fiber arrays,
as shown in Figure 6.2(a). The insertion loss of each fiber-to-waveguide coupler was estimated as ~7 dB

averaged over the wavelengths of interest, based on separate measurements at test sites (essentially straight
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waveguides with similar taper structures at the edges) on the same chip. Figure 6.2(b) shows a top-down

optical microscope image of the chip with the various sections.

Under SFWM, energy-conservation between the pump and the generated Stokes and anti-Stokes
photon pair dictates the frequency relationship, 2w, = ws + wys, so that all three frequencies (wavelengths)
lie within the band used in communication networks near 1550 nhm. The microring provided simultaneous
resonance for all three frequencies across adjacent free-spectral ranges with a tight constraint on the narrow
bandwidth dictated by the high-quality factor resonance. The pump wavelength was positioned at 1553.2

nm and signal and idler photons were detected at 1543.3 nm and 1563.3 nm, respectively.

External tunable filters (benchtop components) were used at these three wavelengths with FWHM’s
of approximately 1 nm, 0.6 nm and 0.8 nm, respectively. Photons were detected using fiber-coupled
superconducting (WSi) SNSPD, cooled to 0.8 K in a closed-cycle Helium-4 cryostat equipped with a
sorption stage. The detection efficiencies for the SNSPDs were about 68% as measured using separate
calibration measurements. These detectors were not gated and were operated in a simple dc-biased mode
with an RF-amplified readout. Coincidences were measured using a multi-input TDC instrument, with 10

ps bin width, in start-stop mode.
6.4 Results

The fabricated microring resonator which is used for photon-pair generation was measured to have
a loaded quality factor of 1.4 x10° at 1550 nm, with a spectral FWHM of 1.4 GHz, as shown in Figure 6.3
(black line). The spectrum was measured by first locating the resonance using a swept-wavelength scan at
low power, and then heating the ASE filter and pump rejector to align their passbands with the ring
resonance. Searching for the resonance of the high-Q ring was assisted by measuring and monitoring the
photocurrent from the reverse-biased p-i-n diode, as shown in Figure 6.3 (red line). The measurement of an
improved value of the microring quality factor (Q) suggests that the optical propagation loss in the

waveguide was adequately low, compared to our previous work [25].
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The next set of reported results is about the monitoring of the microring resonance using the reverse
bias diode fabricated across the ridge waveguide. The current, which is proportional to the circulating
optical intensity of the pump field, is induced by a photo-transition of an electron from the valence band to
a mid-bandgap state, and transitioning to the conduction band assisted by the electric field (see details
in [130]). Here, a reverse bias of -1 V resulted in a generated current of about 160 nA at resonance. For off-
resonance, the current was significantly less, and we achieved an on-off contrast of more than 30 dB
(without requiring a change of the amplifier gain or bias). Such a current is easily measurable by low-noise
integrated or off chip electronics and is adequate for monitoring the resonance of the microring. The slight
mismatch between the spectral dip and photocurrent peak could be due to imperfect scan synchornization
between the instruments or a result of uncontrolled ambient temperature variation in the measurement setup.
The value of this monitoring photodiode in a multi-stage photonic circuit, with several tunable stages, is
significant. In our experiments, it provides a more useful and more convenient monitoring mechanism for

the resonance than, for example, looking at the microring with an infrared camera [231,232].

|| — >30 dB
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Figure 6.3 The black line (left-hand side vertical axis) shows the ring resonance (transmitted optical
power in dB versus wavelenngth in nanometers) measured using a swept-wavelength tunable laser.
The red line (right-hand side vertical axis) shows the resonance-monitoring photo-current, which
was also measured when sweeping the laser wavelength. The lower panel shows more clearly the
(low) noise floor of the photo-current on a separate vertical scale.
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The complete chip, despite some fabrication imperfections in the current batch, was able to generate
photon pairs when optically pumped with CW light near 1550 nm. Figure 6.4(a) shows the measured off-
chip singles rates and coincidence rates as a function of the pump power coupled onto the chip (i.e., at the
start of the feeder waveguide), with differences in the values a consequence of the different losses through
the filters versus wavelength (3.6 dB and 7.2 dB at the signal and idler wavelengths). The on-chip PGR was
calculated by PGR = S1x S2 /C, where S1 and S2 are signal and idler single rates (units: Hz) and C is the
coincidence rate (units: Hz). The dependence of PGR on the input pump power is not quadratic, since the

input pump power is relatively high and TPA cannot be ignored.

In Figure 6.4(b), the PGR at the ring and measured CAR is shown as a function of the on-chip
pump power. From this data, the in-cavity spectral brightness of the ring at the highest pump level was
calculated to be 6.5x10° cps/mW?2/nm or 5.2x108 cps/mW?/GHz. The spectral brightness of this microring
device is similar to our previous results [25] which is among the brightest silicon photon pair sources, and
is also similar to that achieved using silicon microdisk resonators [112]. However, in the present chip, high
filter losses significantly reduces the number of photon pairs that are coupled to fiber at the chip output; the
measured coincidence rates are shown along the right-hand side vertical axis in Figure 6.4(a) and are about
two orders of magnitude lower than in our previous work using stand-along microring resonators with a

similar Q factor.
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Figure 6.4 (a) Singles rates and coincidences rates. Error bars are one half standard deviation of the
measurement. (b) Pair generation rates (PGRs) (off-chip) and CAR of the photon source. Error bars
are one half standard deviation of the measurement. The compound standard deviation of PGRs is
propagated from singles rates and coincidence rates, which are used to calculate PGR by PGR =
S1x S2 /C. The CAR at the lowest and highest power levels are 305 and 25 respectively.
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Measurements of CAR versus CW on-chip pump power are shown in Figure 6.4(b). The cross-
correlation function of the arrival times of the two photons in a pair was measured for typical acquisition
times of 200 to 1,000 seconds (longer acquisition times for lower singles rates). The counts were binned
into histograms, one for each input pump power level. Each histogram peak was fitted by a Gaussian
function, whose FWHM was about 25 ps, and the one standard deviation values of the fitting generated the

error bars shown in the plots.

The highest CAR was 305 £ 6 measured using an integration time of 1,000 seconds. At the highest
power values used here, CAR = 25 + 0.46 with an integration time of 200 seconds, at a pair generation
spectral brightness of 6.5x10° cps/mW?/nm or, equivalently, 5.2x10® cps/mW?/GHz using a different set
of units also widely used. As expected, CAR decreased at higher pump powers, and when the PGR was

higher, a shorter integration time was adequate in order to achieve smaller error bars.

6.5 Discussion

In this batch of fabricated microchips, the losses of the filters are well in excess of theory, and were
estimated, from separate singulated-chip measurements to be greater than 10 dB for the ASE filter and
pump rejector stages, and greater than 3 dB for the photon pair/pump demux stage. In Figure 6.5, we
compared the same device (the residual pump suppression filter) on a die selected from a passive wafer (no
dopants, no metals), and from a die selected from the active wafer. We observe greater degradation of
extinction and higher overall transmission loss especially at longer wavelengths, and broadened passbands.
This is most likely the result of increased optical loss from the optical waveguide mode interacting with the
metal heaters which were positioned directly above the waveguides in our current design. Indeed, such
optical loss would increase at the longer wavelengths, since the optical modes are slightly less confined,
and this appears to be the case in the data shown in Figure 6.5. We believe that the higher-than-expected
loss and degraded extinction of the filters may have been caused by an error in the deposited oxide thickness

between the silicon and metal layers. A future version of the chip can move the metal heaters and feeder
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electrical lines further away from the optical structures (although simulations using the nominal layer
thicknesses did not suggest this would be necessary). Despite the present setbacks, the opto-electronic

integrated chip which we measured was already able to obtain correlated photon pairs.

Looking ahead, it is likely that an off-chip laser diode as pump is the preferred embodiment of a
pair source device based on spontaneous nonlinear optical process, since including the laser on the same
chip as the pair generation device would inhibit future scalability with detectors, feed-forward logic, scaled-
up multiplexing etc. which have a more pressing need for a short distance (time latency) to the source device.
A typical transceiver-grade laser diode generates a lot of heat, which is not suitable from the perspective of
integrating SPDs or single-photon processing circuitry on the same chip. Thus, the ability to incorporate
filters together with the pair-generating microresonator brings us close to the practical limits of integration

that is most urgently sought for the source component.
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Figure 6.5 The drop port transmission of the ASE filter / pump rejector (they share the same design).
A comparison between the same device on a passive and active wafer is presented here, which
clearly shows the fast degradation of extinction, bandwidth and overall transmission loss after the
deposition of metal above.

There may be another, potentially more important, reason to prefer the use of off-chip pump laser
sources: A typical laser diode as used in very large numbers in optical transceivers is much less expensive
than a laboratory-grade external cavity tunable laser, or a mode-locked laser, and can generate several

milliwatts of power. Only a small fraction of this power is sufficient to generate megahertz rates of photon

104



pairs [229] if the device is a microring resonator, rather than a waveguide. In fact, this low level of pump
power can be obtained as a tap fraction (i.e., a small fraction) of the power from the laser, or in some cases,

from the optical power that is already in the fiber links of the network, e.g., a modulated data stream.

6.6 Conclusion

In summary, we have reported progress towards the ultimate goal of a fully-integrated microchip-
scale quantum light source that could be used to generate high quality entangled photon pairs at
telecommunication wavelengths with inexpensive pump lasers, such as those widely used in optical data
communication networks. There has been considerable progress made in understanding and optimizing the
photon pair generation process in silicon photonics, using both silicon waveguides and micro-
resonators [25,140,152,162,219,220]; however, in most cases, laboratory-grade low-noise lasers have been
used for the pump. Once fully realized, such microchips which integrate the pair generation stage with
various optical filters which perform several different functions, may be useful for widespread practical
usage, and in-network deployment of experiments recently performed in the laboratory using transceiver-

pumped photon pair generation [229].

Chapter 6 , in full, has been submitted for publication of the material as it may appear in the
following of which the dissertation author was the primary investigator: Chaoxuan Ma, Xiaoxi Wang,

Shayan Mookherjea. “Progress towards a widely-usable integrated silicon photonic photon-pair source.”
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