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ABSTRACT

Quantum communication networks rely on quantum memory devices to enable long-distance
entanglement distribution. Erbium (Er3+) is a promising candidate for quantum memory
due to its telecom C-band optical transition, which allows seamless integration with existing
fiber-optic infrastructure. However, challenges such as spin coherence limitations, material
integration, and non-radiative decay mechanisms must be addressed to realize practical Er-
based quantum memory systems.

This dissertation investigates the development of erbium-doped titanium oxide (Er:TiO,)
integrated with silicon photonics as a platform for quantum memory. A primary focus is the
deposition and characterization of Er-doped thin films using atomic layer deposition (ALD),
providing a scalable and CMOS-compatible approach to quantum memory fabrication. The
integration of Er-doped materials into photonic crystal cavities enables Purcell enhancement,
significantly improving optical readout efficiency. The optical measurements provide essential
insights into cavity-ion quantum electrodynamics. In particular, the experiment of isolating
single erbium ions establish a crucial foundation for realizing spin-photon interfaces, enabling
the integration of quantum memories into CMOS-compatible quantum photonic platforms.

This work plays a pivotal role in advancing hybrid quantum system integration, a crit-
ical step toward enabling scalable and distributed quantum networks. By developing a
fully CMOS-compatible platform, this research not only enhances the feasibility of practical
quantum memory technologies but also lays the groundwork for next-generation quantum
communication infrastructure, accelerating the realization of global quantum networks.

Beyond quantum technologies, this thesis also explores broader advancements in photon-
ics, including a novel dynamic quenching method for single-photon avalanche diodes (SPADs)
and the development of mechanically stable, ultra-thin anti-reflective coatings (ARCs) for
displays. Both studies demonstrate technological progress through innovative integration
strategies and process development, contributing to the evolution of photonic engineering.
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CHAPTER 1
INTRODUCTION

1.1 Quantum Communication: Building the Network for

Quantum Computers

Quantum technologies based on the principles of quantum mechanics such as superposition
and entanglement are targeted to enable transformative advances in computation, commu-
nication and sensing.1>273’4’5 These technologies exploit the unique properties of quantum
systems to perform tasks that are infeasible with classical systems. For example, quantum
computers have the potential to solve complex problems in material science, cryptogra-
phy, and drug discovery by processing information with fundamentally acceleration using
qubits. %789 Quantum communication ensures unbreakable security through quantum key
distribution (QKD) protocols that rely on the inherent unpredictability of quantum measure-
ments. 31911 Quantum sensing and metrology harness extreme sensitivity to detect minor
changes in gravitational fields, electromagnetic waves, or biological signals, exceeding the
limits of classical measurement techniques. 1213 Together, these advances are not only push-
ing the boundaries of physics but also paving the way for practical applications with profound

implications for science, industry, and society.

1.1.1  The Necessity and Challenges of Quantum Communication

In the realm of quantum technologies, quantum communication acts as the vital connection
between different quantum systems, enabling applications ranging from quantum cryptog-
raphy for secure communication to distributed quantum computing, where multiple quan-
tum resources collaborate to solve complex problems. 1 These quantum communication
links are fascinating because quantum cryptography provides supremacy of security, with the

magic based on the entanglement and no-cloning theorem of quantum states. 1617 To achieve
1



reliable quantum communication, photons—often referred to as “flying qubits™—are the ideal
choice for long-distance communication, as they can efficiently link stationary qubits, fulfill-
ing the DiVincenzo criteria.1® The most explored modes of quantum communication to date

19,20 4nd photon transmission through optical fibers,! both

include ground-to-satellite links
of which demonstrate the immense potential of photons as carriers of quantum states across
the globe.

A significant bottleneck in advancing quantum technology lies in the challenges of error
rates and operational speed, a limitation shared by quantum technologies.22 However, un-
like quantum computing, quantum communication faces the additional obstacle of photon

qubit loss during transmission,2

a challenge also encountered in classical communication
systems. For instance, telecom C-band photons (wavelength ~ 1.5 pym) experience minimal
attenuation in telecommunication optical fibers, with a loss rate of approximately 0.2 dB
per kilometer. This translates to a mere 10% chance of a single photon successfully traveling
30 miles through optical fiber.24 In classical communication, signal amplifiers are widely
employed to mitigate such losses.?” In quantum communication, the direct amplification
of photon signals is prohibited by the non-cloning theorem, which prevents the duplication
of unknown quantum states.0 This fundamental limitation necessitates the development of

novel quantum technologies or protocols capable of meeting the stringent demands of reliable

and efficient quantum communication.

1.1.2  Quantum Repeaters with Quantum Memory: A Solution for

Long-Distance Communication

To address the problem of photon loss, quantum repeaters embedded with long-coherence
quantum memory are envisioned as the "amplifiers" of quantum signals.27’28 The quantum
repeaters divide the communication channel into shorter segments, where quantum entan-

glement is established and stored in quantum memories at intermediate nodes. Through

2



the entanglement swapping, these segments are connected to create entanglement across the
entire channel. Therefore, reliable and scalable quantum communications over vast distances
are enabled. 2930 While the concept of quantum repeaters is both feasible and promising,
there are four stringent technological criteria that must be met for the associated protocols
and devices to function effectively:3!

(I) The flying qubit photons are ideally in the near-infrared range to minimize the trans-
mission loss.

(IT) The quantum repeater nodes are initialized individually and can store the qubits for
a time much longer than the communication time over the network.

(III) The protocol implemented is robust against photon loss.

(IV) The quantum repeater nodes can store and emit the photon qubits with high fidelity
and efficiency within its coherence time.

Meeting these requirements demands the development of high-quality quantum memory
serving as a temporary storage medium for quantum states, allowing entanglement to be
created, maintained, and extended across segments of a communication channel. While
alternative all-photonic quantum repeaters that do not rely on quantum memories have

d32:3334  these approaches require redundant qubits and

recently been proposed and studie
highly efficient gates for error correction, raising concerns about cost efficiency. Consequently,
quantum memory devices remain the preferred choice for quantum repeaters.

The thesis will focus on the development of CMOS-compatible quantum memory devices
that can be seamlessly integrated with existing fiber-optic networks, paving the way for future
global optical fiber-based quantum communication systems. Initiatives like the quantum loop
testbed between Argonne National Laboratory and the University of Chicago® exemplify

the practical application of such technologies, leveraging existing infrastructure to advance

quantum communication research and bring it closer to real-world deployment.



1.2 Extending Entanglement Through Memory-Assisted Networks

with Quantum Repeater

As mentioned in the previous section, quantum memory is the key to extend the entanglement
across the whole network. In this section, the key technique — entanglement swapping via
Bell State Measurement (BSM) — will be discussed to demonstrate how the entangled pairs
can be connected with each other over long distances.36

We will start from two independent entangled pairs from between Alice and Charlie, and

Bob and Charlie, where Charlie is between Alice and Bob. This step is typically easy to

realize with a entangle photon pair generation.3’ Therefore, we have:

D) 40 = %(’0>A’0>C + 1) 4l ) (1.1)
2T op = %(!0>o!0>3 + el B) (1.2)

where |®T) 4o is the bell states between Alice and Charlie and |®1) g is the bell states
between Charlie and Bob.

Initially, there is no direct entanglement between Alice (A) and Bob (B)—they are only
indirectly linked through Charlie’s two qubits.

The total state of the system is the tensor product of these two Bell pairs:

Winitial) = [2 ) ac ® [2F)op (1.3)

Expanding each Bell state:
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Figure 1.1: A schematic representation of how quantum memory extends entanglement. Al-
ice and Bob serve as quantum memory (QM) nodes, each entangled with separate qubits
from Charlie. Adjacent quantum memories are separated by a distance Lg. Charlie per-
forms Bell-state measurements (BSM) on his qubits, enabling entanglement swapping. This
process extends the entanglement to Alice and Bob. By repeating this procedure across
multiple segments and synchronizing operations, the two terminals can ultimately become
fully entangled.
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Rearrange the terms:

1 ) N )
Uinitial) = 5 > lalislidelie (1.5)
i,7€{0,1}

Charlie now performs a Bell State Measurement (BSM) on his qubits C1 and Cy , pro-

jecting them into one of the four Bell states:

1

2(|00>CC +[11)ce) (1.6)

+
|25 o

5



W) o = %(\owcc £ [10) ) (L.7)

To rewrite the total state in terms of these Bell states, we express the C';C9 basis in

terms of the Bell states:

D0)cc = 5 (197) +[07) (18)
1ec = 5 (19) = [67) (19)
e = () +[¥7) (1.10)
1000c = (W) = [¥7) (1.11)

Using this transformation, the initial state can be rewritten as:

(12T el ap + 12 )ecl® ) ap + 1Yol ag + ¥ )eo¥ ) ap)

(1.12)

DO | —

|Winitial) =

Once Charlie measures his qubits in the Bell basis, his qubits collapse into one of the
four Bell states. The result is sent to Alice and Bob as two classical bits ( 00, 01, 10, 11 ),
telling them which entangled state they now share.

If Charlie’s BSM result is:

I. |®1) ¢, Alice and Bob now share |®1) 45, already entangled.

II. |97 )¢, Alice and Bob share |®7) 4, correctable by a Z gate on Bob’s qubit.

II. | ), Alice and Bob share |¥™) 4 g, correctable by an X gate.



IV. |¥7) o, Alice and Bob share |¥ ™) 4 g, correctable by an X Z gate operation.

Thus, by applying the corresponding Pauli correction (I, Z, X, XZ), Alice and Bob suc-
cessfully recover a maximally entangled state, effectively extending their entanglement over
long distances. By systematically implementing the same protocol across multiple segmented
network nodes in a synchronized manner several times, two remote nodes can ultimately be
entangled, enabling long-distance quantum communication.

While the underlying physics is straightforward, implementing such quantum networks
poses significant engineering challenges. One major challenge arises from the unpredictability
of photon emission times and inherent network delays, which cause photons from separate
locations to rarely arrive simultaneously. This timing mismatch makes direct entanglement
swapping between Alice and Bob exceptionally difficult.

Therefore, quantum memory addresses this issue by temporarily storing the quantum
states carried by photons, enabling synchronization of photon operations across different
network nodes.?839 As mentioned previously, quantum repeater nodes must preserve these
quantum states with coherence times exceeding network delays and operational durations,
setting a fundamental performance benchmark for quantum memory devices. Moreover,
uncertainties in quantum memory readout, such as photon re-emission variability, must be
minimized. Additionally, both storage and readout efficiencies are crucial, as they directly

influence the data transfer rate and overall performance of quantum network nodes.

1.3 Rare Earth Ions: A Promising Platform for Long-Coherence

Quantum Memory

1.3.1  Why Rare Earth Ions Are Well-Suited for Quantum Memory

To realize a quantum memory, two critical properties must be considered: storage/readout

efficiency and quantum state coherence time. The first criterion requires the quantum mem-



ory to facilitate the high-fidelity conversion of photon states into localized states (such as spin
states) and back. The second criterion necessitates that the quantum state remain stored
for a sufficiently long duration to allow for all operations within a quantum network to be
completed before decoherence occurs. Atomic defects in solid-state systems emerge as ideal
candidates for quantum memory applications due to their inherent spin-photon interface,
ease of spin-state manipulation, and relatively long coherence times, which can be further
extended using decoupling techniques40. While alternative approaches have shown promise
in demonstrating quantum memory functionality 142, this thesis will primarily focus on the
development and study of quantum memory based on atomic defects.

Atomic defect systems, such as nitrogen-vacancy (NV) centers in diamond, are widely
studied for their unique quantum spin states, which are valuable for quantum computing

43444546 NV centers are optically active, and their fluorescence depends on

applications
the spin state, enabling quantum information initialization and readout 4748 However, like
many solid-state defect systems, NV centers can be influenced by environmental factors such
as high temperatures or external electric fields, which may cause charge instability and affect
their performance in certain conditions.

Unlike traditional spin defects like NV centers, rare earth ions provide a complementary
approach by relying on their atomic transitions, which are intrinsically robust due to the
shielding of the 4f-orbitals by the outer 5s and 5p electrons. This shielding makes their
quantum states highly resistant to decoherence from environmental disturbances, offering
significant potential for quantum memory applications.49’50 For instance, the europium (Eu)
ion has demonstrated spin coherence times of up to six hours under optimal conditions,
showcasing its suitability for long-term quantum information storage.?!. Overall, rare-earth
ions stand out as highly promising candidates for quantum memory applications, owing to

their exceptional coherence properties and intrinsic robustness.

Rare earth ions, in addition to their excellent spin properties, exhibit outstanding optical



performance. They are widely used in the optical industry for applications such as lasers

52,53,54

and fiber amplifiers Their relatively narrow emission linewidths, combined with

broad absorption and emission spectra, simplify the implementation of multiplexing®®9.
These optical characteristics are also highly desirable for quantum memory applications.
Specifically, the narrow emission linewidth allows for the spectral isolation of single ion

qubits, facilitating simpler and more precise quantum operations. Moreover, the broad

spectra enable the realization of multi-channel quantum communication.

1.8.2  Erbium: A Telecom-Compatible Rare Earth Ion for Quantum Memory

Among rare earth ions, erbium (Er) is particularly promising for quantum memory due to
its intrinsic telecom C-band optical transition. The emission at approximately 1550 nm
permits direct interfacing with the classical communication network, eliminating the need
for frequency conversion. Recent studies have further demonstrated a coherence time of
23 ms for Er ions doped in crystal host materials, making them suitable for a range of
quantum memory applications.?” As a Kramers ion (non-integer electron spin), Er has a
shorter coherence lifetime compared to non-Kramers ions (integer electron spins, such as
Eu). However, this limitation is offset by its stronger Zeeman effects and the presence of
more accessible nuclear spin states, which are characteristic of Kramers ions®®.

Despite the advantages of the telecom-C band transition, the long optical lifetime of Er
ions remains a challenge for quantum memory devices®. The first excited state lifetime

60,61 " which severely limits the efficient storage and

of Er3t is typically a few milliseconds
emission of photon qubits. Therefore, high-fidelity storage and readout require coupling
Er®t to nanophotonic cavities to enhance photon-atom interactions. In particular, Purcell
enhancement %2 can significantly increase the decay rate of the excited state. Thus, the

successful design and integration of cavities are crucial for implementing Er3*-based quantum

repeaters.



In summary, rare-earth ions, particularly Er?t, offer a promising platform for quantum
memory applications due to their long spin coherence times, robust atomic transitions, and
direct compatibility with telecom-wavelength optical networks. While the long optical life-
time of Er’t poses a challenge for efficient photon storage and emission, this limitation can
be addressed through nanophotonic cavity integration, where Purcell enhancement acceler-
ates the excited-state decay rate. The successful implementation of such cavity-enhanced
Er?t systems is a crucial step toward realizing high-fidelity quantum memory and advancing
quantum repeater technologies. This thesis aims to overcome these challenges by incorpo-
rating Ert ions into CMOS-compatible thin films and monolithically integrating them onto

an SOI photonics platform.

1.4 Selecting Erbium-Doped Host Materials for Quantum

Memory Applications

With Er?t as the chosen quantum memory defect, selecting an optimal host material is
crucial for maximizing device performance and integration. In recent years, extensive re-
search has explored Er3™ integration into various host materials, including Er:TiOQ,63’64’65
Er:Y,03,160 Er:CaWO,, 5767 Er:Y,Si05, % Er:MgO,% Er:YVO,, 70 Er:LiNbOg, 717273 and
also Er:Si’*". Each material offers distinct advantages in different aspects. However, the
successful and commercially viable implementation of Er*-based quantum memory requires
the host material to satisfy several key criteria:

I. Low abundance of nuclear spins. At low temperatures, phonon scattering in
the lattice becomes negligible, and nuclear spin fluctuations become the dominant source
of electron spin decoherence 76 These fluctuations generate magnetic noise, which dephases
the Er*t electronic and nuclear spin states, thereby limiting coherence time.

II. Wide bandgap. The host material must have a bandgap greater than 0.8 eV,

corresponding to the typical photon energy in the telecom C-band. To prevent undesired
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photon interactions with the host material, the Er3* optical transition should remain well
within the bandgap.

ITI. Low defect densities. Beyond spin coherence, quantum memory also demands
high optical coherence. Achieving narrow optical linewidths requires a host material with
minimal strain, charge, and phonon fluctuations, which are often introduced by defects
arising from material deposition and Er doping.

IV. CMOS integration compatibility. For large-scale industrial adoption, the host
material should be compatible with CMOS fabrication processes. This enables scalable
production and seamless integration with silicon photonics and electronic chips, similar to
modern memory and computing devices.

To select an optimal host for quantum communication, we must consider the structure of
the solid-state environment. While bulk oxide crystals provide largely defect-free conditions,
Er-doped thin-film hosts, including wide-bandgap oxides grown on silicon, have emerged as

a promising quantum memory platform. This is due to their compatibility with established

61,64 T7,78,65

semiconductor technology and their potential for scalable on-chip integration
Therefore, this thesis primarily focuses on thin-film technology for Er, the integration of Er
into a CMOS-compatible silicon photonics platform, and performance benchmarking of the

devices.

1.5 Comparative Analysis with Other Research on Erbium based

Quantum Memory

Utilizing Er ion as a quantum memory offers significant advantages, as previously discussed.
As a result, this field is rapidly advancing, leading to numerous high-impact research de-
velopments across various platforms. In this section, we present a comparative analysis
of notable research efforts across the world focused on Er and other rare-earth ion based

quantum memory, highlighting the key differences and advancements.
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Prof. Jeff Thompson’s group at Princeton University has made significant contributions
to understanding erbium quantum emitters and their spin dynamics through a series of pio-
neering experiments. In 2018, they demonstrated a telecom-band single-photon source using
Er-doped Y,SiOy crystals integrated with silicon nanophotonic cavities 5 Leveraging a sim-
ilar experimental platform, they successfully achieved quantum non-demolition measurement
of electron spin states with approximately 95% fidelity ¥, as well as coherent manipulation of
both electron spins®? and nearby proton nuclear spins8L. More recently, employing Er-doped
CaWOy,, their group produced indistinguishable single photons characterized by remarkably
narrow emission linewidths of around 150 kHz%7, enabling them to further demonstrate
spin-photon entanglement with a fidelity of 73%%2. Through these advancements in device
fabrication and optimization of optical systems, their work has substantially enhanced the
feasibility and potential of erbium-based quantum memory technologies using bulk crystal
systems.

Prof. Andrei Faraon’s group at Caltech has conducted extensive research to advance
rare-earth-ion-based quantum applications. Their work with Yb:YVO, has yielded signifi-
cant results for quantum memory technologies, including the demonstration of single-shot

83 and coherent optical control of single Yb ion qubits®*. Recently, they

spin-state readou
further demonstrated multiplexed entanglement using two nanophotonic cavities, each con-
taining multiple Yb ions, achieving entanglement fidelity of approximately 88%, underscoring
the substantial potential of rare-earth-ion quantum memories®. Additionally, the group has
investigated Nd:YVO, systems, achieving coherent optical manipulation of rare-earth-ion en-
sembles, crucial for enhancing quantum memory capabilities®86. Moreover, their research
into Er ion ensembles significantly advanced the atomic frequency comb (AFC) quantum
memory protocol, enabling frequency-multiplexed memory functionalities8”88. Furthermore,

their work on microwave-to-optical transduction using erbium-ion ensembles has broadened

the applicability of erbium beyond quantum memory, facilitating integration with supercon-
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ducting quantum computing circuits and extending the scope of hybrid quantum technolo-
gies70.

Prof. Philippe Goldner’s group at PSL University has made significant contributions
to the host material engineering of erbium ions, with a particular emphasis on optimizing
spin coherence properties. Their investigations into Er:CaWO, have elucidated the under-
lying mechanisms of electron spin spectral diffusion®?. Furthermore, they have successfully
coupled Er-doped CaWO, crystal ensembles to superconducting microresonators, achieving
exceptionally long electron spin coherence times of up to 23 ms at cryogenic temperatures 57,
This milestone represents a substantial advancement in quantum state storage capabilities.
Additionally, their innovative integration of Er:Y,O4 with NV center implanted diamond 2"
has demonstrated promising potential for hybrid quantum systems, which may extend the
applicability of Er based quantum memories to broader quantum technologies. Through
these advancements in material engineering and coherence preservation, their work is play-
ing an essential role in developing scalable quantum memory platforms based on erbium.

Prof. Andreas Reiserer’s group at the Technical University of Munich has achieved
significant advancements in the development of Er:Si based quantum memory and inte-
grated photonic systems. Their pioneering measurements on Er-implanted silicon waveg-
uides demonstrated exceptionally narrow homogeneous optical linewidths of approximately
10 kHz917 Leveraging these promising optical properties, they successfully coupled Er
ions to nanophotonic cavities, obtaining Purcell-enhanced emission lifetimes on the order
of a few microseconds and enabling single photon emission“2. More recently, their ground-
breaking experiments achieved single-shot readout of individual Er spin qubits integrated
within silicon, revealing electron spin coherence times between 20 to 40 ps—significantly
longer than the enhanced emission lifetimes?3. This achievement marks an essential mile-

stone toward realizing CMOS-compatible quantum memory devices. Although challenges

remain, particularly in extending coherence times and addressing non-radiative decay mech-
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anisms compared to erbium-doped oxide materials, their work provides a robust foundation
for developing scalable, chip-level quantum memory technologies.

Another significant research direction within our group, led by Prof. Supratik Guha,
Prof. Alan Dibos, and Prof. Jiefei Zhang, focuses on exploring Er:CeO, as a novel platform
for quantum memories. The cubic symmetry of CeO, is particularly promising for optimiz-
ing electron spin coherence properties?*. Experimentally, colleagues within the group have
successfully demonstrated the molecular beam epitaxy (MBE) deposition of Er:CeO, on sil-
icon substrates and conducted comprehensive optical and structural characterizations of the
doped material system95. At a measurement temperature of 3.6 K, the MBE-grown Er:CeO,
exhibited a homogeneous optical linewidth of approximately 440 kHz and an electron spin
coherence time of 660 ns, underscoring its potential for quantum networking applications?6.

Beyond the research discussed above, various groups have significantly advanced the
field of erbium-based quantum systems. For instance, Prof. Hong Tang’s team at Yale
University has investigated Er:LiNbOg for single-photon emission, as well as electro-optical

72’73, which could introduce valuable functionalities to on-

modulation within optical cavities
chip quantum memory devices. Prof. Tian Zhong’s research at the University of Chicago has
provided critical insights into the optical linewidth mechanisms of Er:Y5O3, enhancing the
fundamental understanding necessary for practical quantum memory development 97,66,98
Additionally, work by Prof. John Bartholomew at the University of Sydney on Er:Si has
demonstrated electron spin coherence on the millisecond scale, highlighting its viability for

robust and reliable on-chip quantum memories?.

1.6 Scope and Structure of This Thesis

This thesis explores the integration of Er:TiOg with silicon photonics for quantum memory
applications, focusing on the development of scalable, CMOS-compatible platforms for quan-

tum communication. The research spans material development, device fabrication, optical
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characterization, and single erbium ion-based quantum memory. This work aims to address
key challenges in quantum memory performance and scalability.
The thesis, from Chapter 2 to Chapter 5, primarily focuses on quantum memory

research and is structured as follows:

e Chapter 2 begins with an overview of the deposition techniques for erbium-doped
thin films, establishing the foundational material platform for quantum memory ap-
plications. The chapter primarily explores the advantages of atomic layer deposition
(ALD) in achieving uniform, high-quality thin films and provides a detailed charac-
terization of the deposited materials. While molecular beam epitaxy (MBE) is also
utilized in this research, it is not systematically introduced in this thesis. For a more
comprehensive discussion on MBE-based growth techniques, readers are encouraged to

refer to previously published work199.

e Chapter 3 focuses on the integration of Er-doped thin films into photonic crystal
cavities, a critical step in enhancing the interaction between photons and quantum
emitters. This chapter explores cavity QED and provides a comprehensive discussion
on the design, simulation, and fabrication of photonic crystal cavities. These struc-
tures are engineered to couple with Er ion emitters, enabling improved optical readout

efficiencies through Purcell enhancement. 5:64

e Chapter 4 presents the optical measurement techniques used to characterize inte-
grated photonic devices. It covers cavity spectrum characterization and emission life-
time measurements, which are essential for evaluating Purcell enhancement and as-
sessing the performance of erbium-based quantum memory. Additionally, the chapter
provides a brief introduction to anomalous Purcell decay phenomena, highlighting the

rich underlying physics within the cavity-ion quantum system.%%-101

e Chapter 5 explores the isolation of single erbium ions, a crucial step toward indi-
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vidual qubit readout for quantum information processing. It covers the experimental
techniques used to detect and characterize single-ion emission, demonstrating the feasi-
bility of single Er ions as quantum memory qubits. Additionally, the chapter discusses
the current challenges and bottlenecks in realizing a single Er ion quantum memory

within our system. 102

Following this, I introduce two early-stage research projects that focus on broader topics
in photonics and optics. These projects not only contribute to advancements in photonics
technology but also played a crucial role in shaping my expertise, providing foundational

training in photonics device fabrication and optical measurements.

e Chapter 6 investigates the dynamic quenching of single-photon avalanche photode-
tectors (SPADs) using adaptive resistive switches (ARS). This chapter compares ARS-
based quenching with conventional passive quenching methods and presents experi-
mental and simulation results that highlight the advantages of ARS for high-speed

photon detection. 103

e Chapter 7 shifts focus to the development of porous yet mechanically robust antire-
flective coatings (ARCs) using polymers of intrinsic microporosity (PIMs). The chapter
discusses the fabrication, optical performance, and mechanical properties of single- and
double-layered graded-index porous ARCs, which are essential for enhancing optical

efficiency. 104

Finally, Chapter 8 concludes the thesis by summarizing key findings, discussing the
broader implications of erbium-integrated photonic quantum memory, and outlining poten-
tial future research directions. These perspectives extend beyond quantum technologies,
highlighting advancements that could impact a wider range of photonics applications.

To benchmark and contextualize the research presented in this thesis against the quan-

tum memory studies discussed in Section 1.5, we highlight our distinctive focus on develop-
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ing Er:TiO, integrated with silicon photonics within a fully CMOS-compatible framework.
Rather than concentrating primarily on the optimization of intrinsic material properties, our
approach prioritizes practicality and future product integration. The central objective of this
research is to create a scalable, CMOS-foundry-compatible platform based on Er-doped ox-
ide thin films. Furthermore, this study primarily emphasizes optical and photonic device
integration, as optical readout constitutes a critical initial step toward realizing quantum
memory functionalities. By establishing robust optical interfaces and integrated photonic
architectures, our work lays a foundational platform that will enable future explorations of

spin dynamics and advanced quantum memory operations.
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CHAPTER 2
DEPOSITION TECHNIQUES FOR ERBIUM-DOPED THIN
FILMS: THE FOUNDATION FOR QUANTUM MEMORY

To realize Erbium-based quantum memory devices, the first step is doping Erbium into thin-
film host materials that can be integrated on the silicon photonics platform. Previous studies
have used ion implantation192 to directly embed Er into devices. This technique is rela-
tively straightforward; however, due to the large Er ion mass, the implantation process can
cause significant lattice damage upon impact, leading to interstitial defects and undesired
decay pathways. While high-temperature annealing can partially repair the crystalline struc-
ture, complete recovery is often challenging, which may impact the optical and coherence
properties of the Er ions.

An alternative approach is molecular beam epitaxy (MBE) which offers an advanta-
geous approach to fabricating high-quality erbium-doped thin films for quantum applications.
Specifically, MBE is a physical vapor deposition technique conducted under ultra-high vac-
uum (UHV) conditions (<1078 Torr), where molecular or atomic beams directly deposit onto
substrates without interactions with residual gas molecules. This ultra-clean environment
minimizes impurities, enabling highly controlled and precise layer-by-layer growth.

Leveraging these benefits, our group at the University of Chicago and Argonne Na-
tional Laboratory has developed robust MBE methodologies for erbium-doped oxide materi-
als64:100.95 - Compared to conventional ion implantation methods, this bottom-up approach
significantly reduces crystal lattice damage. Prior studies have established that our optimized
MBE deposition and subsequent annealing treatments dramatically enhance optical proper-
ties of erbium emitters, improving key metrics such as brightness and emission linewidth.
These advances have been clearly demonstrated in Er:TiO, 100 and Er:060295. Building
upon these reliable deposition processes and comprehensive understanding of material-host

interactions, this thesis further investigates anomalous Purcell effect and single Er ion iso-
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lation phenomena in MBE-grown Er:TiO,, as elaborated in Chapter 4, Section 4.2 and
Chapter 5.

Despite its advantages, MBE also presents significant challenges. The stringent UHV
requirements, substrate-dependent growth parameters, and high-cost instrumentation make
it impractical for large-scale foundry processing. These limitations hinder its widespread
integration with silicon photonic circuits, restricting its scalability for commercial applica-
tions.

Another alternative approach for achieving such integration is the growth of high-quality
thin films via atomic layer deposition (ALD). This chapter will focus on the ALD process
for erbium-doped thin films, including a brief introduction to atomic layer deposition, the
deposition process of erbium-doped TiO, thin films, and the characterization results used to
evaluate their performance. The content of the ALD growth and characterization are mainly

1. 65

reproduced from Ji et al.®?, with the permission of ACS Publications.

2.1 Unlocking Atomic Layer Deposition (ALD): A Key Tool for

Precise Thin Film Growth

ALD is a thin-film deposition technique that enables precise control over material growth
at the atomic level. It is a self-limiting, sequential process based on repeated cycles of gas-
phase chemical reactions. The common ALD process consists of alternating exposure to two
or more chemical precursors, which react on the substrate surface in a self-limiting manner
with 4 steps102:106.

(I) The first precursor is introduced into the reaction chamber, where it reacts with the
surface to form a monolayer.

(IT) The chamber is then purged while waiting for the second precursor. During this step,

excess precursor is removed by the background inert gas flow and the pumping system. This

step is typically referred to as the purge step.
19



(IIT) The second precursor is introduced into the reaction chamber, where it reacts with
the first precursor to form the thin film. The reaction is usually driven by thermal energy.
However, in Plasma-Enhanced ALD (PEALD), the reaction can also be initiated by high-
density plasma.

(IV) A second purge step removes excess precursor and byproducts before the next cycle
begins.

This process allows for cyclic layer-by-layer deposition, offering precise control over film
thickness and conformality. Nowadays, ALD already demonstrate broad applications in
semiconductor industry, such as high-k dielectrics gate material, interconnect passivations,
and display coatings. 107-108,109,110,103,111,104

For the process of Er doped thin films, ALD offers significant advantages over molecu-
lar beam epitaxy as a manufacturing method for a variety of reasons including scalability,
throughput, cost of operation, deposition conformality, and thin film uniformity. Studies on
Er-doped dielectric oxides grown by ALD have been sparse, though ALD-grown Er-doped

11

AlyO4 thin films have been used for on-chip nanolasers 2 and have shown potential for

integration with waveguides. 113

However, the reported optical linewidth in amorphous aluminum oxide has been too
broad for quantum communication applications. To overcome this limitation, titanium diox-
ide (TiO9) has emerged as a promising host material due to its low intrinsic nuclear spin den-
sity, which minimizes decoherence, and its relatively large optical bandgap. 114,94,115 Exper-
imental studies have demonstrated narrow ensemble optical and spin linewidths for erbium
implanted into bulk rutile-phase TiO,, although these results required high-temperature
annealing. %0 Additionally, reasonably narrow inhomogeneous optical linewidths have been
achieved through MBE of single-crystal anatase TiO, thin films grown on LaAlOj sub-

strates. 116 Furthermore, TiOs is widely used as a CMOS-compatible oxide material, making

it a promising candidate for seamless integration into existing semiconductor fabrication
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Figure 2.1: The ALD system and processes for Er:TiOy (a) The Fiji G2 PEALD system
from Veeco Instruments Inc. in our lab, used for atomic layer deposition (ALD) of Er:TiOq
thin film. (b) ALD deposition process pulse sequence. Top (TiO,): Two cycles of thermal
ALD growth, where the TTIP precursor and water are successively pulsed into the chamber
and reacted to form a TiOy monolayer. Middle (ErO,): A single cycle where the Er(thd)s is
pulsed into the chamber with a bubbler and a turbo pump is used to remove excess precursor.
The residual precursor reacts with oxygen plasma, which is turned on during the last 4
seconds of the oxygen pulse, to create a layer of erbium oxide. The Er(thd)s pulse length
(At, marked in red) can be varied to control the doping level. Bottom (Er:TiO,): Composite
growth, where one ErO, deposition cycle is followed by 10 cycles of TiO4 deposition to space
out the Er ions. The doping concentration can be further controlled by adjusting the Er(thd)s
evaporation temperature and pulse length.

processes.
Therefore, the following discussion is primarily focused on the deposition process of

erbium-doped TiO, thin films.

2.2 Engineering Erbium-Doped TiO, Thin Films Using ALD

In this study, we used a Fiji G2 PEALD system, which can be operated with and without

plasma, to produce the Er-doped TiO, thin films. The deposition process involved the use
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of titanium isopropoxide (TTIP), produced from Sigma-Aldrich with 5N purity, and water
(Hy0) as precursors for the thermal deposition of TiOy. H7-H8I The TTIP precursor was
heated to 68 °C, and water (H5O) was maintained at ambient conditions. During the TiO,
deposition, the Ar flow was set to 110 sccm to purge out the by-product and excessive
precursors from the chamber. We chose TTIP as the Ti precursor to minimize impurities in
the as-grown TiO, thin films because of its composition, which comprises only elements of
carbon, hydrogen, titanium, and oxygen. 120

For the Er doping, we selected Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)erbium, short
for Er(thd)s or Er(tmhd)s, produced from from Strem Chemicals with 3N purity. This
precursor can react with oxygen plasma to form atomic layers of erbium oxides, thereby
incorporating erbium into various host materials. 112:121,122,123,124 Ty oherating power of
the oxygen plasma was 300 W with O, flow of 25 sccm and Ar flow of 55 scem.

In an effort to grow smooth films, we deliberately maintained the Si substrates at a
temperature of 120 °C during the deposition —well below the 150-165 °C temperature range
for deposition of anatase phase TiO, 125 __at the expense of amorphous growth. 117

The Er:TiOy ALD pulse sequence is depicted schematically in Figure 2.1b. Similar in
overall sequence to that demonstrated for EI‘ZA1203,112 we employ an alternating sequence
of undoped TiO, layers interrupted with single cycles of ErO, to provide the Er doping.
For the undoped thermal ALD TiO, deposition steps (Fig. 2.1b, top), we pulse the TTIP
precursor into the chamber for 0.5 s and the water for 1 s, where the additional HyO pulse
time is used to fully consume the TTIP. We use a 5-second window after each pulse to pump
out excess precursor, thereby allowing for a more homogeneous deposited layer. For the Er
doping process, we introduce Er(thd)s into the chamber via a bubbler where it binds to the
substrate (Fig. 2.1b, middle). The Er(thd)s pulse length is variable (At), to coarsely control

the Er concentration. Following a 4-second wait time, we pulse molecular oxygen into the

chamber and, synchronously, we open a turbo molecular pumping line to quickly remove
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excess precursors. After 5 s of Oy flow, we ignite the oxygen plasma for 4 s, reacting with
the Er(thd)s on the surface to form atomic layers of erbium oxide. Upon plasma cessation,
we close the valve to the turbo pump, completing one cycle of ErO, deposition. In this
study, the growth cycle ratio was fixed at 1 cycle of ErO, for every 10 cycles of TiO,, as
delineated in the lower panel of Figure 2.1b.

Unless noted otherwise, all of the thin films are deposited on lightly boron-doped stan-
dard silicon substrates from NOVA Electronic Materials and Silicon Valley Microelectronics
(SVM), with the recipe demonstrated in this section.

After the deposition, we remove the sample from the reactor and perform ex-situ thermal
anneal at 400 °C for 30 min in a rapid thermal annealing system (Annealsys), with a con-
sistent Oq flow rate of 500 sccm and resultant pressure near 700 Torr. The annealing step
is crucial for recrystallizing the amorphous as-grown TiOs, transforming it into the anatase

polycrystalline phase, as will be further discussed in this thesis.

2.3 Characterization of Erbium-Doped Thin Films Deposited via
ALD

Previous optical experiments have shown that the inclusion of undoped ‘buffer’ and ‘capping’
layers can reduce optical inhomogeneous broadening for epitaxial Er:Y,O4 ﬁlms,61 epitaxial
Er:TiO, films, 116 as well as spectral diffusion and inhomogeneous linewidth broadening for
Er in polycrystalline TiOq films. %3 While a thicker layer is better for optical properties, it is
more difficult to etch for eventual nanophotonic devices. In this research, with both of these
considerations in mind, the films used for our optical studies were grown with a ‘10/10/10’
doped heterostructure: a 10 nm undoped TiO, buffer layer at the Si interface, a 10 nm
Er-doped TiO, layer in the middle, and a 10 nm undoped TiO4 capping layer on top.

To accommodate metrology techniques requiring thicker doped regions for sufficient

depth resolution —such as Secondary-lon Mass Spectrometry (SIMS) —we also fabricated a
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20/50/20” heterostructure, illustrated in Figure 2.4a (left), comprising of a 20 nm nominally
undoped buffer layer TiO,, a 50 nm Er-doped TiO, layer, and a 20 nm undoped TiO, cap-
ping layer. These thicker films were also utilized for Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM) characterization, as they provide stronger

signal contrast and improved imaging resolution.

2.3.1 Surface Roughness and Morphology

Surface roughness plays a critical role in the performance, integration, and scalability of pho-

126,127,128 articularly for photonic cavities and waveguides. In high-quality

tonic devices,
optical systems, surface roughness can lead to increased scattering losses, degrading the
quality factor(Q-factor) of photonic cavities and the transmission efficiency of optical waveg-
uides. This effect is particularly detrimental in high-index contrast waveguides (e.g., silicon
photonics), where even sub-nanometer roughness can significantly impact mode confinement
and transmission. 29 Additionally, rough surfaces pose fabrication challenges, limiting de-
vice scalability and seamless integration with key components such as resonators, detectors,
and modulators. In photonic integrated circuits (PICs), minimizing roughness is crucial
for achieving low-loss interconnects and ensuring uniform performance across large-scale
photonic chips. Therefore, precise control over thin-film surface roughness is essential for
enhancing quantum memory performance and enabling its integration with silicon photonics.

To assess the surface roughness of Er:TiO, thin films deposited via Atomic Layer Depo-
sition (ALD), we performed Atomic Force Microscopy (AFM) measurements under different
deposition and post-processing conditions. The AFM height maps in Figure 2.2 illustrate
the surface morphology of three samples:

(a) A film deposited at 300 °C (about 20 nm thick),

(b) An as-grown 10/10/10 thin film deposited at 120 °C,

(¢) The corresponding annealed film from (b).
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The root mean square roughness (Rq) and arithmetic mean roughness (Ra) values indi-
cate that the as-grown and annealed films deposited at 120 °C exhibit very similar surface
roughness. This suggests that the low-temperature deposition followed by high-temperature
annealing preserves a smooth surface morphology, in contrast to films grown directly at
higher temperatures (300 °C), which exhibit significantly increased roughness (Figure 2.2a).
Maintaining low surface roughness with post-annealing is crucial for further integration with
on-chip nanophotonic structures, such as waveguides and high-quality factor optical res-

onators.

2.3.2  Wafer Scale Uniformity

ALD is renowned for its exceptional wafer-scale uniformity, making it a key deposition tech-
nique for nanophotonic and semiconductor applications. Its self-limiting surface reactions
enable angstrom-level thickness control, ensuring highly uniform thin films across large wafer
areas. This level of uniformity is critical for high-volume semiconductor manufacturing, as it
guarantees consistent device performance across the entire wafer, reducing process variability
and enhancing scalability for advanced electronic and photonic devices.

To demonstrate the scalability of our ALD process, we investigated the deposition uni-
formity over a 100 mm silicon wafer. The deposited thin film is a “20/50/20” doped het-
erostructure. After deposition, the wafer was post annealed at 400 °C for 30 min with a
consistent Oy flow rate of 500 sccm and resultant pressure near 700 Torr, same as the an-
nealing conditions mentioned before. The resultant thickness map in Figure 2.3 shows that

the variation of thickness across the wafer is well below 1%.

2.3.83  Erbium Doping Concentration

For quantum memory applications, ideally, each photonic cavity would host a single dopant

ion, functioning as a qubit without unwanted interactions with surrounding ions. However,

25



15.4 1.9
5 = €
: c =2
| = £
3 > =)
1 ‘© [0}
] o T
| £ la :
; ae" g ; y -13.1 s, o7 AT R N -1.5
I i
c 0.0 Length (um) 2.0 0.0 Length (um) 2.0
3 T TN ey TGt 5% AL et ) 7._21
d
1044
1 a@o1)

_ 3

E < AQ202)  AQ11)

= >

2 £10;

-% 5 ] Si(200)

T 2

102 T T T T T T T

Beh S AT L R 20 25 30 35 40 45 50 55 60
0.0 Length (um) 2.0 20

Figure 2.2: The ALD deposited thin film characterization. (a-c) Atomic Force Microscopy
(AFM) height scans over a 2 um x 2 pm scan area under different processing conditions: (a)
undoped and unannealed TiO, film (about 20 nm) grown with a substrate temperature of
300 °C. The root mean square roughness (Rq) and arithmetic mean roughness (Ra) values
are 3.62 nm and 4.43 nm, respectively. (b) the as-grown ‘10/10/10’ structured thin film with
a substrate temperature of 120 °C. (c¢) annealed thin films from the same growth run with
(b). The Rq and Ra values for (c) are 0.522 nm and 0.348 nm, respectively. The Ra and
Rq values for (d) are 0.520 nm and 0.399 nm, respectively. (d) X-ray Diffraction (XRD)
spectrum of an oxygen-annealed Er-doped TiO, thin film grown on a Si(100) substrate. The
thin film follows a ‘10/10/10 layered structure, as described in the main text. The anatase
TiO, diffraction peaks are highlighted in red boxes, and the Si(200) peak from the substrate
is highlighted in a green box.
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Figure 2.3: Thickness map of deposition across 4-inch wafer. We measured the ALD TiO,
via a Horiba Jobin Yvon UVISEL spectroscopic ellipsometer. The red X’s are marked at the
points of measurement (13 points total with a pitch of 20 mm), with the thickness given in
A. The average thickness is 947.7 A and the standard deviation is 2.0 A. The estimated
experimental uncertainty of each thickness is about +2 A given by the ellipsometry model
fit to the film thickness.

achieving this is challenging because precise positioning of individual ions at the optimal
coupling location is not feasible, and the ion’s dipole orientation may not inherently align
with the polarized light entering the cavity, limiting interaction efficiency. To overcome
these limitations, generallz a lightly doped regime is necessary to increase the probability
of incorporating well-coupled ion qubits while minimizing detrimental effects from ion-ion
interactions.

However, ALD as a chemical precursor-based deposition technique has not yet demon-
strated precise control over ultra-low doping concentrations. For our quantum memory devel-
opment with Er, it is essential to establish a method for accurately controlling and reducing
the Er doping level to enable reliable single-ion coupling within nanophotonic cavities.

In general, we can make use of two primary methods to control the concentration of
dopants during ALD growth: (1) altering the TiO, deposition ratio relative to ErO, depo-
sition, or (2) controlling the growth rate of the ErO, layer itself. In the first approach, the

overall Er concentration is controlled by modifying the TiO, spacing (via insertion of more
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cycles of TTIP/H,0) around each ErO, layer. However, this method, while feasible and
easy to apply in ALD processes, has a limited tuning range from a few percent to a few
tenths of a percent due to the finite number of cycles required to grow a thin film. In this
study we focused on the second method of controlling doping by tuning the erbium oxide
deposition rate. For example, to decrease the Er concentration, we can lower the Er(thd)g
evaporation temperature and shorten the precursor pulse. Consequently, in each cycle, a
reduced amount of Er(thd)s will enter the reaction chamber.

To calibrate the Er concentration, we grew a series of samples by varying the evaporation
temperature and pulse duration of Er(thd)s, followed by Secondary Ion Mass Spectrometry
(SIMS) analysis. To ensure sufficient depth resolution, these samples required a thicker
doped region, leading us to grow a 20/50/20 heterostructure, as illustrated in Figure 2.4a
(left).

The Er(thd)s precursor temperature, pulse duration, and experimentally measured Er
concentrations via SIMS are summarized in Table 2.1, with doping levels ranging from sub-
ppm to a few percent. Previous studies have shown that the vapor pressure of Er(thd)s
decreases approximately 10-fold when the evaporation temperature drops by 25 °C above
130 °C. 130 T this work, we observed a similar trend: a 10-fold reduction in Er concentration
between Samples No. 1 and No. 2 in Table 2.1, corresponding to a temperature decrease
from 160 °C to 135 °C. However, further reducing the temperature to 110 °C (Sample No. 3)
led to a dramatic decrease in Er incorporation, as this temperature falls below the reported
Er(thd)s evaporation range.

To achieve sub-ppm doping, we further reduced the pulse duration from 8 s to 2 s (Sample
No. 4). Notably, the lower Er doping concentrations (<2 ppm) observed in Samples No. 3
and No. 4 suggest that ALD can potentially achieve Er doping levels suitable for single-ion

quantum applications by reducing the number of ErO, layers.
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Figure 2.4: Electron microscopy of Er-doped thin films. (a) Schematic diagram of the
20/50/20” doped heterostructure used for SIMS elemental analysis and electron microscopy,
consisting of a 20 nm undoped TiO, buffer layer, a 50 nm Er-doped TiO, layer, and a
20 nm pure TiO4 capping layer. The thin film is grown on Si(100) or SOIL. A thinner
‘10/10/10" heterostructure with the same 1 ErO, to 10 TiOq layer ratio is used in the
doped region for optical experiments. (b) A low magnification high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image of a sample cross section
with an Er doping level of 2950 ppm after oxygen annealing. (c¢) Energy-dispersive X-ray
spectroscopy (EDS) elemental map of the same annealed sample as in (b). The elemental
distribution overlay shows Si in purple, Ti in orange, and Er in green, respectively. (d)
Electron backscatter diffraction (EBSD) phase map of individual grains within the same
20/50/20 film as in (b-c). The red regions consist of individual anatase grains and the
smaller and less numerous blue regions are individual rutile grains. The black regions are
either amorphous or consist of multiple stacked grains of either phase within the thickness
of the 90 nm film.
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No.% | T(°C) At (s)¢ Doping (ppm)?
1 160 8 39200 £ 15680
2 135 8 2950 £ 885
3 110 8 1.7 £ 0.51
4 110 2 0.59 £ 0.24

Table 2.1: Sample deposition and Er doping parameters
% The sample number.
b The Er precursor evaporation temperature.
¢ The Er precursor pulse length, same as At in Figure 2.1b.
¢ The Er concentration determined via SIMS.

2.3.4  Crystallinity and Phase Stability

The crystallinity of the host material significantly impacts the optical and quantum proper-
ties of Er ions, particularly their coherence and emission linewidth. In amorphous as-grown
TiOs, the local environment around Er ions is highly disordered, leading to inhomogeneous
broadening, spectral diffusion, and shorter coherence times due to variations in crystal field
interactions. Therefore, achieving high crystallinity through post-annealing is crucial for
enhancing Er ion coherence and emission stability for quantum memory applications.

After post anneal, X-Ray Diffraction (XRD) is performed to evaluate the crystal phase of
TiO,. Figure 2.2d displays the XRD spectrum of an oxygen annealed ‘10/10/10" heterostruc-
ture thin film sample. The spectrum shows the characteristic peaks of anatase TiO, 131
(marked with red boxes), though the signature is weak due to the modest thickness of the
film, as well as the peak from the Si substrate (green box).3? These results confirm that
oxygen annealing enhances the polycrystallinity of the initially amorphous film, aligning with
previous findings. 133

To better visualize the crystalline morphology of the Er:TiO, thin films we also performed
electron microscopy on the doped ‘20/50/20" films used for SIMS analysis. Specifically,
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging was used to provide additional atomic number contrast to better visualize the heavier

Er dopants within the TiO, matrix (i.e. a brighter pixel corresponds to a higher Z number).
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Using this technique, we can clearly see in Figure 2.4b the increased brightness of the 50 nm
thick doped region in a 2950 ppm Er-doped film (same growth conditions as Sample No. 2
of Table 2.1). A corresponding energy-dispersive X-ray spectroscopy (EDS) elemental map
of the same cross-section in Figure 2.4b is shown in Figure 2.4c, confirming the presence of
Er in the doped region.

We also conducted HAADF-STEM imaging to compare the as-grown and 400 °C annealed
samples (Figure 2.5a,b). Both cross-sections were extracted from the same growth film (Er
doping level: 39,200 ppm, Sample No. 1 in Table 2.1) and focus on the undoped-doped
interface near the substrate. In the as-grown film (Figure 2.5a), the structure is completely
amorphous, exhibiting no discernible atomic regularity. In contrast, after 400 °C annealing,
the film transitions to a crystalline state, as evidenced by the well-defined lattice spacing
characteristic of a single-crystal anatase domain, which dominates the entire field of view
(Figure 2.5b). The results further confirm the presence of large anatase grains, measuring
tens of nanometers in thickness, extending from the Si substrate. Notably, the crystallinity
of these grains remains unaffected by the relatively high Er doping concentration (Figure
2.5b,c).

The lateral extent of these grains can be visualized with electron backscatter diffraction
(EBSD) phase mapping in an SEM operating at 10 kV (with an effective probe depth of a
few tens of nanometers), as shown in Figure 2.4d. The majority of the 4 me area consists of
anatase grains (49.8%) while also exhibiting a much lower percentage of smaller rutile grains
(2.0%). The exact depth of the grains probed via EBSD varies based upon accelerating
voltage and interaction with the Si substrate underneath, so it is unclear if the black regions
in Figure 2.4d merely represent stacked anatase grains with different orientations or pockets
of amorphous TiOy. Regardless, it is particularly significant that these anatase grains can
extend for hundreds of nanometers laterally, as these grains are larger and, overall, the

sample offers higher phase purity than the mixed rutile and anatase grains sizes reported
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in molecular beam deposited TiO, on Si.4 These results suggest that even though our
as-grown thin films are amorphous, the oxygen annealing process can induce large anatase
grain coarsening, and that these resultant grains might serve as a good local crystal host for

erbium ions, all without increasing the top layer surface roughness.
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undoped TiO,

Figure 2.5: HAADF-STEM of Er doped TiO, thin films with false color heat map. All of the
images focused on the lower boundary between the doped and undoped regions to analyze
structural and crystallographic differences. (a) HAADF-STEM images of a cross section of an
as-grown “20/50/20” sample, showing a completely amorphous structure without regularity
in the single atom spacing. (b) HAADF-STEM image of a different piece from the same
growth sample as in (a) after oxygen annealing. The doping level of the growth sample
is 39,200 ppm. (c) HAADF-STEM image of a broader cross-section from the annealed
"20/50/20" sample, with a doping level of 2950 ppm. Insets show atomic-resolution images
of the crystalline region. In both (b) and (c), the cross-sections clearly shows a single
crystalline anatase grain extending through 20 nm of the undoped TiOq near the substrate
into the Er-doped region after oxygen annealing.
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2.4 Probing Optical Properties: Photoluminescence Excitation

(PLE) Measurements of Er Emitters in the Thin Film

Photoluminescence excitation (PLE) spectroscopy is an essential optical characterization
technique used to study the optical transitions and electronic structures of quantum emitters.
Unlike conventional photoluminescence (PL), which measures the emission spectrum at a
fixed excitation energy, PLE involves scanning the excitation energy while monitoring the
emission at a specific wavelength. This approach provides detailed insights into the excitation
pathways, energy-level structures, and the efficiency of photon absorption and subsequent
emission in quantum systems. For quantum emitter benchmarking, PLE spectroscopy is
particularly valuable as it allows for the precise identification of resonant excitation energies,
helping to distinguish individual quantum emitters from an ensemble. It can accurately
characterize the emitter’s absorption cross-section, excitation linewidth, and spectral purity,
all of which are critical for evaluating performance in quantum applications.

Therefore, in addition to standard material characterization, we conducted PLE spec-
troscopy to investigate the optical emission properties of Er ions. This technique provides
a critical benchmark for quantum memory applications, as reliable qubit readout strongly
depends on clear and precise optical emission. Specifically, our PLE measurements focused
on emitters within the telecom C-band on the aforementioned ‘10/10/10” heterostructures
grown on Si substrates, wherein only the central 10 nm layer in the heterostructure contains
Er dopants.

Figure 2.6 illustrates the optical measurement setup for characterizing ALD-grown thin
film samples. The excitation source is a Toptica CTL 1500 tunable laser with piezo control
for precise wavelength tuning. The laser beam passes through two acousto-optic modulators
(AOMs) to enable fast intensity modulation, while an additional AOM placed before the
superconducting nanowire single-photon detector (SNSPD) prevents residual laser leakage

from reaching the detector. A 50:50 free-space plate beam splitter is used to split the
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Figure 2.6: The optical measurement setup for the thin films.

optical path. A 0.65 NA objective focuses the laser onto the sample inside the Montana
sb0 Cryostation (3.5 K). During signal collection, the two AOMs after the laser suppress
the excitation pulse, and the AOM before the SNSPD opens the optical path, allowing the
emitted signal from Er dopants to be collected via the 50:50 beam splitter and directed
to the superconducting nanowire single-photon detector for analysis. Note that the gEOM
here is optional for spectral hole burning measurements. In this process, the pEOM applies
controlled phase shifts, allowing selective depletion of specific frequency components within
the inhomogeneously broadened Er ion ensemble. This creates a narrow spectral feature,
which can be used to measure the spectral diffusion linewidth and assess the upper bound
for homogeneous linewidth broadening.74

As shown in Figure 2.7, we measured PLE spectra for oxygen annealed thin films with
the three highest doping levels (Table 2.1): 39200 ppm, 2950 ppm, and 1.7 ppm. The PLE
intensity is the average number of detected photons per 3.5 ms collection window after each
1.5 ms laser pulse. It should be noted that for Sample No. 4 at 0.59 ppm the doping level is
too low to be measured because of the long optical excited state lifetime of erbium emission,

the thin optically active region, and the finite overall collection efficiency of the setup.
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All of the as-grown samples had negligible emission in PLE as a result of the underlying
disorder in the films. However, after the 30 minute oxygen anneal, all three samples show
distinct peaks in the PLE spectra (Fig. 2.7). An example of the dramatic increase in PLE
brightness for an as-grown versus annealed film is shown in Figure 2.8a, where the doping
level is 39200 ppm. The as-grown PLE spectrum did not show any emission peaks and
the brightness of the emission was close to the background level, which confirms that the
oxygen annealing process is essential to not only form crystalline grains within the sample
but also to optically activate the embedded Er ions. Note that the periodic oscillations in
the PLE signal are due to Fabry-Perot fringes resulting from partial reflections within the
finite thickness of a beamsplitter used in the setup.

The variation in emission intensities among the three samples (Fig. 2.7) is mainly at-
tributed to the difference in the doping concentration. In general, higher Er doping typically
leads to brighter overall emission; however, as seen by comparing Figures 2.7a and 2.7b, an
order of magnitude increase in doping concentration from 2950 ppm to 39200 ppm does not
show a commensurate increase in overall brightness for the emission near 1532 nm. Rather,
this reduction in brightness is possibly due to ion-ion quenching and cooperative photon

134,135 45 the estimated

up-conversion, which are common at high Er doping concentrations,
ion-ion spacings at 2950 ppm and 39200 ppm are 1.9 nm and 0.8 nm, respectively.

For each of the three samples, a higher spectral resolution PLE spectrum (i.e. 0.01 nm
step size) near the 1532 nm peak is provided in the inset. Due to the finer spacing, the
peak fluorescence varies slightly from that of each corresponding coarse spectrum. Most
notable is a pair of closely spaced peaks near 1532.2 nm and 1532.6 nm, similar to what
was observed previously in textured growth of polycrystalline TiOQ.G?’ Previous work on
Er-doped TiO4 nanoparticles has experimentally determined the Y1 — Z1 transition to

be at 6525 cm ™! (1532.57 nm), 130 similar to the predominant peak at 1532.6 nm in our

scans. Future temperature-dependent PL and PLE scans are necessary to confirm this level

36



2.25] a
3'1.50-"//\ 39200 ppm
0.751 , ,
29 4531 1532 1533 1534
© 1
L
g— 10
A b
S 81 4
O
-g_ 6_ 0 ' N
— 1531 1532 1533 1534
2 41
2
IS
c
1 0.41 C
o ]
0.31 2'2 1.7 ppm
0.1-,/,'k——
1531 1532 1533 1534
0.2
0.1

1505 1510 1515 1520 1525 1530 1535 1540
Excitation Wavelength (nm)

Figure 2.7: Photoluminescence excitation (PLE) spectra of annealed ‘10/10/10” Er:TiO4 thin
films. In each of the main panels is a broadband PLE scan from 1505 nm to 1540 nm, with
a scan step size of 0.1 nm. The thin film Er doping levels for the three samples are (a) 39200
ppm, (b) 2950 ppm, (c) and 1.7 ppm according to Table 2.1. Insets: corresponding higher
resolution PLE scans (step size of 0.01 nm) around the emission peak at 1532.6 nm, giving
inhomogeneous linewidths of 79.3 + 2.4 GHz, 61.4 + 1.7 GHz, and 102.2 + 5.4 GHz for the
three samples No. 1-3, respectively. Each spectrum is fit to a pair of Lorentzian lineshapes
(dashed, black line) with the resultant individual fits highlighted for clarity (purple and
yellow, shaded curves).
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assignment. %0 However, this value differs from the exact energy of the Y1 — Z1 transition
reported for epitaxial anatase Er:TiO, growth on LaAlOg at 6518.9 cm™! (1534.00 nm). 16
This discrepancy could be due to the strain relaxation afforded by the amorphous growth in
our polycrystalline anatase films.

Fits of these closely spaced peaks enables us to estimate the inhomogeneous linewidth
of the 1532.6 nm transition in each of our three samples (in order of decreasing doping) as
79.3 + 2.4 GHz, 61.4 £ 1.7 GHz, and 102.2 + 5.4 GHz, respectively (Fig. 2.7a-c, insets).
The signal-to-noise ratio for the 1.7 ppm sample is poor (Fig. 2.7, inset), as this sample was
pumped with ten times higher laser intensity to get sufficiently large detectable signal above
background. Therefore, we suspect that this particular transition is power broadened, and
waveguide-based PLE measurements at lower power (Figure 2.8b), suggest an inhomogeneous
linewidth closer to 44 GHz for the 1.7 ppm sample. In general, the inhomogeneous linewidths
of these samples prepared via ALD are broader than epitaxial growth of anatase TiO, on
LaAlO5 (12.7 GHz for a 4000 ppm film with similar buffer/capping layer thicknesses)116
and molecular-beam deposited growth of highly textured Er-doped anatase TiO4 on silicon
(11.1 GHz with comparable buffer/capping layer thicknesses and doping).% However, it is
important to note that they are all much narrower than the previously reported results for Er
in ALD-grown Al;Og, which show broad emission on the scale of THz. H2,113 Overall, these
findings demonstrate the positive impact of the annealing process in promoting the formation
of a more ordered lattice structure and enhancing the optical emission characteristics of Er

ions in the anatase TiO, matrix.
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Figure 2.8: (a) PLE spectra of annealed versus as-grown “10/10/10” Er:TiO9 thin films.
The Er doping concentration of the film is 39200 ppm, corresponding to the condition No.1
in Table 2.1. The annealed sample PLE spectrum is shown in solid red lines while the
unannealed sample from the same growth wafer is shown in red dashed line. (b) PLE scan of
an annealed "10/10/10" Er:TiOs thin film with 1.7 ppm doping integrated on waveguide for
better signal to noise ratio. The PLE scan shows two peaks near 1532.2 nm and 1532.6 nm.
The peak at 1532.6 nm gives an inhomogeneous linewidth of the emission peak of 44.0 +£0.7
GHz via Lorentzian fits.

2.5 Concluding Remarks Regarding Thin-Film Deposition

wTo conclude, this chapter showcases a reliable method for growing Er-doped TiO, using
ALD. One of the most significant findings is the ability to dope these films with Er ions over
a large range by controlling the Er-dopant precursor temperature and pulse length. This is a
level of doping control not usually provided by ALD and opens up new possible applications
at both ends of the doping spectrum (few percent to sub-ppm). Over the demonstrated
doping range, our ALD process offers potential advantages over other methods, such as
molecular beam deposition of doped films and implantation of erbium ions in undoped films,
in terms of translation to industry because of lower cost and increased scalability. Our
characterization of the material proprieties after post-growth oxygen annealing revealed the
films to be Er-doped anatase phase TiOy with a smooth surface, which can be maintained
even after the formation of polycrystalline grains that are hundreds of nanometers wide.
Furthermore, our optical measurements revealed distinct optical transitions and relatively

narror inhomogeneous linewidth for the characteristic emission peaks around 1532 nm for
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the annealed films. These results suggest that Er:TiO, thin films grown using ALD are
a promising material platform for on-chip quantum memory applications. It is particularly
important to note that this critical 400°C oxygen annealing process is CMOS-compatible, 137
further ensuring industrial scalability. A future area of exploration is the possibility of longer

annealing times to further increase anatase grain size or higher annealing temperatures to

explore the transition to rutile grains.
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CHAPTER 3
PHOTONIC CRYSTAL CAVITIES INTEGRATION:
ADVANCING SCALABLE QUANTUM PHOTONIC
PLATFORMS

As discussed in Section 1.3, the long excited-state lifetime of Erbium ions presents a signifi-
cant challenge for fast spin-state readout, which is crucial for quantum memory applications.
A promising solution to this limitation is the integration of Erbium doped thin film with a
resonant photonic cavity, where the Purcell effect can significantly enhance the spontaneous
emission rate by reducing the optical lifetime, thereby enabling faster photon emission.
This chapter explores the design, simulation, and integration of photonic crystal cavities
with thin films deposited using ALD, as introduced in Chapter 2, as well as those deposited
via the MBE system in our lab. To establish a foundational understanding, the chapter
begins with a brief introduction to cavity quantum electrodynamics (cavity QED), explain-
ing the underlying physics of photonic cavities and the Purcell effect. Following this, the
principles of cavity design and simulation will be presented, detailing key parameters and
underlying rationale. Finally, the fabrication process of the photonic cavity will be discussed,

along with potential imperfections that may arise during the process.

3.1 Physics behind Photonics Cavity — an Overview of Cavity

Quantum Electrodynamics (QEDs)

This section provides an overview of cavity QED and explores the fundamental physics of
the atom-cavity interaction, highlighting the role of cavities in enabling Purcell enhancement
for Er?t.

To begin, consider a system consisting of a two-level atom and an optical resonator, form-

ing a fundamental cavity QED system. In free space, deterministic atom-photon interactions
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are typically limited, as the atom’s absorption cross-section is much smaller than the photon
beam size. However, in a cavity, multiple reflections confine the light, significantly enhancing
the interaction probability. The number of round trips a photon makes within the cavity is

characterized by F /7, where F is the finesse of the cavity, defined as 138,

7oVl (3.1)

g
where 7 is the reflection from the cavity boundaries. For simplicity, isotropy in all direc-
tions is assumed here.

To describe the interaction between the atom and the cavity, the coupling constant g is

defined as

tee2 p2.w
= = 3.2
g h 2eghV ur) (3:2)

Here h is the reduced Planck constant, pce is the atomic electric dipole matrix element of
the transition from the ground state to the excited state, E is the electrical field of a single
photon in the cavity mode volume V| ¢ is the permittivity of free space, w is the cavity
frequency, and u(r) is the electrical mode function with the maximum normalized to 1.31

Considering the cavity field decay rate x and the atom state decay rate -, where3!

e
Y (3.3)
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The cooperativity C' can be thus defined as
2
g
C =2 3.5
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For the atom-cavity system in Purcell regimes, the emitted photon should be emitted
out of the cavities before being reabsorbed by the atom. Therefore, kK >> g >> ~ and
C >> 1 are required for reliable Purcell enhancement and strong atom-photon interactions.

The atomic dipole decay rate into the cavity 7. can be derived:13%140

9%k

%:/fQ—i-Az

(3.6)

A is the detuning between the atomic transition and the cavity resonant frequency. The
on resonance (A = 0) will give 7. = 2C%y. For C >> 1, the enhanced decay rate . is
much greater than the intrinsic decay rate «. That is the magic of the Purcell effect on the
emission of photon qubit from the atom qubit.

Although the derivation above provides a clear picture of the atom-cavity coupling mech-
anism, calculating the Purcell factor Fp directly from this perspective can be cumbersome.
To simplify the process, an alternative approach — focusing on the density of optical states
rather than explicit coupling dynamics — can be employed. This approach, while not ex-
plicitly emphasizing the coupling between the two systems, provides a more straightforward
calculation of F'p.

First, the spontaneous emission rate of an emitter in free space is given by Fermi’s golden

rule 138:

2T
o = =/d - B2p(c) (3.7

where d is the dipole moment of the emitter, E is the electric field at the emitter location
and p(w) is the density of optical states at frequency w.

In free space, the density of states per unit volume is:

pfree(w) = (3.8)

n2c3
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leading to the free-space spontaneous emission rate:

w3

'y x —= 3.9
3
c

However, inside an optical cavity, the electromagnetic field is confined, modifying the
density of optical states. If we assume a single cavity mode with volume V' and quality

factor @), this will lead to an enhanced emission rate:

2T
I'e= f|d | E|2:Ocavity(w) (3.10)

where the density of states in the cavity is approximated as:

pcavity(w) ~N o3 (3.11)

If we further assume the emission wavelength matches the cavity resonance wavelength,

the Purcell factor Fp is directly related to the cavity quality factor () and corresponds to

the ratio of the optical density of states in the cavity to that in free spacel38:

Fp— pcavity(w) _ 3 )\_3
Pfree(w) Ar2V

Q (3.12)

To emphasize, here the quality factor demonstrates the energy storage capability of the

cavity, as:

Stored energy in the cavity

Q=2nm (3.13)

Energy loss per cycle

It can also be extrapolated to Q = g—?c. fo is the center frequency and 0 f is the full width

at half maximum (FWHM). From the Purcell factor equation above, a high-Q nanocavity
with small mode volume is essential for large Purcell factors. This enhancement is needed

to speed up the single photon emission rate and improve collection efficiency into the cavity
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mode.

3.2 Photonics Design and Simulation for Quantum Memory

3.2.1 The Photonic Crystal Cavity Design and Simulation

Photonic crystal cavities emerge as a direct optical analogue of periodic potentials in solid-
state physics, where the periodicity of a structure governs wave propagation. In solid-state
systems, the periodic potential of a crystal lattice leads to the formation of electronic band
structures, dictating the allowed and forbidden energy states for electrons. Similarly, in pho-
tonic crystals—periodic dielectric structures—the modulation of the refractive index gives
rise to photonic bandgaps, where specific frequency ranges of light are forbidden from prop-
agating. 141142 By introducing a localized defect within this periodic dielectric arrangement,
a discrete optical mode can be created within the bandgap, leading to strong light confine-
ment. 143144 This mechanism underpins the operation of photonic crystal cavities, allowing
light to be confined within subwavelength-scale mode volumes while achieving exceptionally
high Q-factors, which make the essential condition for realizing significant Purcell enhance-
ment.

For our specific application, we selected a one-dimensional (1D) photonic crystal cavity,
also known as a nanobeam photonic crystal cavity, to achieve an optimal balance between
Purcell enhancement and efficient photon extraction. In a nanobeam photonic cavity, the
periodic structure is embedded within a waveguide, enabling the emitted photon to directly
couple into the waveguide’s propagation mode. This design facilitates efficient photon rout-
ing to downstream components such as optical fibers and single-photon detectors, ensuring
seamless integration with larger photonic circuits.

Our photonic crystal cavity design is originally inspired by the optomechanical crystal

resonators studied at Caltech#°. The device consists of a wide waveguide patterned with pe-
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riodically spaced, identical elliptically shaped holes that act as photonic crystal mirrors 59,64,

Each hole has a major diameter of 397.5 nm and a minor diameter of 195.0 nm. The struc-
ture is designed with 30 nm thick Er:TiO, on top of a standard silicon-on-insulator (SOI)
platform, comprising a 220 nm silicon layer atop a 2 pm SiO, buried oxide layer and a silicon
substrate. The waveguide has a width of 660 nm, with a lattice constant of 355 nm for the
elliptical holes. Simulations using MIT Photonic Bands (MPB) predict a photonic bandgap
spanning wavelengths from 1360 nm to 1620 nm (see Figure 3.1a) for light polarized in the
plane of the film and normal to the waveguide (TE-like modes).

To create a localized optical cavity, we introduce a defect using a 14-hole parabolic taper,
gradually reducing the lattice constant from 355 nm in the mirror regions to 320 nm at the
cavity center. This tapering modifies the photonic band structure, effectively confining light
within the cavity mode. The resulting Q-factor is 1.3 x 10° with the resonance at 1560 nm.

The mode volume of the cavity is computed to be 0.038 um?’, and calculated using:

o JavenlEmP
mode max(e(r)]E(’r)P)

(3.14)

The simulations are performed with 3D Lumerical FDTD. The results of the cavity spectrum
is demonstrated in Figure 3.1b.

It should be noted that there are two primary practical nanofabrication rationales for our
approach to effective index modulation in the manner described above (device fabrication
will be described later in Section 3.3): (1) Having each hole identically sized means they
aren’t subject to differences area dry etch rates for experimental realization within the same
cavity. This can be particularly challenging for etching through multiple layers with different
etch chemistry. (2) Using a parabolic taper in the lattice constant to define the cavity defect
is an effective approach because the pixel pitch for common nanocavity patterning techniques

(such as electron beam lithography) can be well controlled.
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Figure 3.1: Photonic crystal cavity simulations. (a) Simulated photonic band structure
using MPB. The red-shaded region represents the light cone in air, where no guided modes
can exist due to the constraint of light propagation. The blue curves correspond to the
calculated photonic bands, showing a well-defined photonic bandgap for TE-polarized light
between 1360 nm and 1620 nm (marked by dashed lines). This confirms the presence of
a bandgap where confined optical modes can exist within the photonic crystal cavity. (b)
Simulated cavity spectrum using Lumerical FDTD, based on the cavity design described in
the main text. A distinct resonance feature is observed around 1560 nm, highlighted by
the red box. The extracted Q factor is approximately 130,000, indicating strong optical
confinement and low radiative losses.

3.2.2  The Waveguide to Fiber Coupling Design and Simulation

Efficient waveguide-to-fiber coupling is essential for the practical realization of Erbium-based
quantum memory, as it directly enables seamless integration with existing fiber-optic commu-
nication networks. While Erbium ions naturally emit in the telecom band, making them ideal
for fiber-based quantum memory applications, achieving high coupling efficiency remains
challenging due to mode mismatch and scattering losses between the nanoscale waveguide
and the standard optical fiber. Optimizing this interface is crucial for minimizing inser-
tion loss and ensuring reliable quantum state transfer in scalable quantum networks. While
there is extensive work on cladding-based approaches to fiber-to-waveguide coupling within
Si photonics 146,147,148 Thege cladding-based approaches can be hard to implement with-
out simultaneously covering our nanocavity with thick cladding layers. The deposition of

these thick layers on the nanocavity eliminates our ability to tune the cavity’s resonant
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wavelength at cryogenic temperatures via controlled gas condensation as mentioned later in
Chapter 4. Also, the cladding deposition process may have an impact on the optical and/or
spin properties of our Er-doped oxide layers.

To enhance the lensed fiber-to-waveguide coupling efficiency, we implemented a suspended
inverse waveguide taper extending beyond the sample edge (Fig. 3.2). This design follows
the adiabatic inverse taper approach used in previous work for fully suspended Si waveguides
of 220 nm 9 and 250 nm®? thickness. In our simulations, we neglected the presence of the
30 nm-thick TiOg layer due to its low refractive index relative to Si.

We initialized our simulations with parameters inspired by prior studies: a waveguide
end facet width of 200 nm !9 and a taper length of 14 um®? to ensure mechanical stability.
Again using Lumerical 3D FDTD simulations, we determined the minimum lateral undercut
of the buried oxide layer required to effectively guide light into the cavity. As shown in Figure
3.3a, an initial undercut length of > 4 pym minimizes optical losses as the mode transitions
into the waveguide section in contact with the buried oxide layer.

To refine the design, we varied the waveguide end facet width (Fig. 3.3b) and taper length
(Fig. 3.3c) while keeping the undercut length fixed at 4 um. A TE-polarized Gaussian source
with a 1.25 um waist radius was positioned 14 pym from the waveguide end to emulate our
commercial lensed fiber (OZ Optics), and transmitted power was monitored 4 um beyond
the taper’s full width. Our results indicate that an end facet width of 200 nm and a taper
length of 14 um yield a maximum one-way coupling efficiency of 80% (Fig. 3.3b). While
extending the taper length marginally improves efficiency (Fig. 3.3c), the 14 um taper is

finally chosen for mechanical stability.
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Figure 3.2: The photonic crystal cavity and waveguide are designed based on a 30 nm Er:TiO,
layer atop an SOI chip. To enhance fiber coupling efficiency, the suspended waveguide
extends beyond the SiO4/Si substrate edge. The adiabatic inverse taper design, highlighted
in the protruding waveguide region, gradually narrows the waveguide width, expanding the
optical mode for improved coupling with a lensed fiber.
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Figure 3.3: Inverse taper FDTD simulation results. (a) Guided mode transmission as light
is routed in a Si waveguide from an undercut region to oxide region. (b) Fiber-to-waveguide
coupling efficiency versus waveguide end facet width assuming a fixed taper length of 14 yum
and a fixed undercut of 4 ym. (c¢) Fiber-to-waveguide coupling efficiency versus overall taper
length width assuming a fixed end facet width of 200 nm and a fixed undercut of 4 pm
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3.3 Photonic Crystal Cavity Fabrication and Integration:

Realizing Quantum Memory in Scalable Photonic Devices

The insights gained from photonic simulations provide a critical foundation for the subse-
quent fabrication and integration of photonic devices. However, translating these theoretical
designs into functional devices requires precise nanofabrication techniques that account for
material properties, process variations, and real-world constraints. The following section de-
tails the fabrication and integration steps used to realize these simulated structures, ensuring
their viability for experimental characterization and practical applications.

To account for run-to-run variations in the etch rate, our fabricated devices incorporate
a deliberate elliptical hole size parameter sweep. As a result, the cavity resonances on each
chip span from 1510 nm to 1550 nm, ensuring a high probability of coupling with resonant
Erbium ion emitters.

The fabrication process for creating cavities and suspended inverse tapers, along with
an optical device image, is shown in Figure 3.4. All fabrication steps are carried out in the
Center for Nanoscale Materials cleanroom at Argonne National Laboratory.

The photonic cavity and waveguide fabrication is demonstrate in Figure 3.4a, similar
to our previous work®. Our TiO, thin films are deposited on silicon-on-insulator (SOI)
substrates (Soitec) featuring a lightly boron-doped 220 nm-thick Si device layer, a 2 pm
buried oxide layer, and a more heavily boron-doped Si handle to minimize charging effects
during subsequent fabrication steps. The thin film deposition can be performed using either
MBE or ALD, followed by an annealing process if necessary.

After deposition, a SiO, hard mask is deposited on the surface using plasma-enhanced
chemical vapor deposition (PECVD) to facilitate pattern transfer during the etching process.
A ZEP520A resist layer is then spin-coated on top of the hard mask, and electron beam
lithography (EBL) is used to define the photonic cavity patterns in the resist. After resist

development, the chip undergoes a two-step inductively coupled plasma reactive ion etching
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(ICP RIE) process.

In the first etching step, a CHF3/O, plasma is used to selectively etch the SiOy hard
mask, simultaneously removing most of the remaining resist due to the reactive plasma
environment. The second step involves a Cly-based RIE process to etch through the Er:TiO,
layer, followed by an HBr/Oy mixture RIE to etch the underlying silicon and form the final
cavity pattern.

To protect the device during processing, we deposit a 20 nm (200 cycles) thermal ALD
alumina layer at 175°C, as conventional polymeric resist layers do not provide sufficient
protection—particularly during the vapor HF etching step. This alumina layer is optimized
in both thickness and growth temperature to mitigate pinholes that could expose the device
layers to vapor etchants during undercutting.

Immediately after cleaving (Lattice Ax), we perform an isotropic etch of the Si handle
layer using a XeF vapor etch tool, which results in the characteristic scalloped edge seen in
Figure 3.4b. A prolonged delay between cleaving and the XeF, etch allows the formation of
a native oxide layer on the freshly cleaved Si surface, reducing the otherwise deterministic
XeF, etch rate. Following the Si handle undercut step, we perform vapor HF etching (SPTS
uEtch system) to selectively remove the buried thermal oxide layer. After undercutting, the
ALD alumina protection layer is gently stripped using Aluminum Etchant Type A (Transene)
at 40°C.

Finally, to mitigate potential defects introduced during nanofabrication, we anneal the
devices in pure Oq at 400°C using a rapid thermal annealing system (Annealsys). As dis-
cussed in Section A, our simulations suggest that longer tapers (>14 um) offer a slight
improvement in coupling efficiency. However, they become significantly more fragile during
the vapor HF undercut process due to strain induced in the suspended SiOy and alumina

layers following the Si handle undercut.
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Figure 3.4: Fabrication of photonics cavity and waveguide devices. (a) Step-by-step fab-
rication process illustrating patterning, etching, and undercutting to extend the on-chip
waveguide beyond the edge. (b) Optical microscope image of the fabricated device, show-
ing fully suspended waveguides. The dashed yellow (magenta) lines indicate the undercut
boundary for the SiO, (Si handle) edges.
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3.4 Concluding Remarks of Cavity Design and Fabrication

In this chapter, we presented the design, simulation, and fabrication of photonic crystal
cavities integrated with erbium-doped thin films for quantum memory applications. Through
simulations, we demonstrated that high-Q 1D photonic crystal cavities have the potential
to achieve significant Purcell enhancement, enabling faster photon emission and efficient
quantum state transfer. Additionally, the implementation of an adiabatic inverse taper
design minimized optical losses at the fiber-to-waveguide interface, further optimizing the
memory-photon qubit interaction.

By combining robust photonic design principles with advanced nanofabrication tech-
niques, we successfully realized scalable quantum memory devices compatible with existing
fiber-optic networks. The integration of a novel undercut etch process with top-down cav-
ity fabrication enabled precise control over the device geometry. To further assess device
functionality and investigate the optical properties of Er-doped emitters, we now turn to
Chapter 4, where experimental measurements will provide deeper insights into photonic

device performance and quantum coherence characteristics.
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CHAPTER 4
OPTICAL MEASUREMENT OF INTEGRATED PHOTONIC
DEVICES: PROBING QUANTUM MEMORY EMITTERS

Optical characterization is essential for evaluating the performance of integrated photonic
devices, providing critical insights into key parameters such as resonance properties, qual-
ity factors, and coupling efficiency. Additionally, these measurements enable a deeper un-
derstanding of the optical properties of erbium ion emitters and the Purcell enhancement
resulting from their coupling to photonic crystal cavities. This chapter outlines the experi-
mental techniques used to characterize photonic crystal cavities, investigate Er ion emission
properties, and quantify Purcell enhancement.

This chapter specifically focuses on the optical measurements of devices incorporating
thin films deposited via ALD and MBE, as discussed in previous chapters:

—For ALD-integrated photonic devices, we demonstrate successful thin-film integration
and strong performance, including Purcell enhancement and relatively narrow spectral diffu-
sion linewidths, reinforcing ALD’s potential for future quantum memory and on-chip lasing

1.5 with the permission

applications. This part of results are mainly reproduced from Ji et a
of ACS Publications.

—For MBE-integrated photonic devices, we report an anomalous three-fold suppression
of the ensemble Purcell factor at zero cavity detuning and high pump fluence, providing
new insights into emitter-cavity coupling dynamics. This part of results are adapted with

101

permission from Solomon et al.*¥*, with the permission of Optica Publishing Group.
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4.1 Nanocavity-mediated Purcell Enhancement of ALD of

Er:TiO5 Thin Films

To demonstrate the potential use of these ALD grown Er:TiO, films as a platform for telecom
on-chip photonic applications, we integrated the same ‘10/10/10’ thin film heterostructure
with silicon photonic crystal cavities based on SOI and measured the resultant Purcell en-
hancement for ensembles in different doping regimes. The details of the ALD deposition is
demonstrated in Chapter 2. For this study, we fabricated devices from two samples with
different Er concentrations: Sample A (2950 ppm Er, deposition condition No. 2 in Table
2.1) and Sample B (1.7 ppm Er, No. 3 in Table 2.1). The waveguide geometry, photonic
crystal cavity, and mirror design lattice parameters are introduced in Chapter 3. In order to
compensate for run-to-run etch rate variations, our fabricated devices are designed to have
a deliberate elliptical hole size sweep, and there are resonance wavelengths ranging from
1510-1550 nm on each chip. In this work, the desired cavities are nearly resonant at 1532
nm. In order to improve the one-way coupling efficiency of our silicon nanophotonics, we
performed a multi-step process to fully suspend the inverse taper of the waveguide to better
mode match to a lensed optical fiber, as introduced in Chapter 3. To mitigate any potential
detrimental defects introduced by the nanophotonic fabrication, we also oxygen annealed the
chips at 400°C after full device fabrication. Scanning electron microscopy (SEM) images of

the final devices are shown in Figures 4.2a-b.

4.1.1  Optical setup for photonic device measurements

Following the fabrication process, the devices were placed inside a closed-cycle cryostat
(Montana Instruments s100 Cryostation) with a base temperature of 3.5 K for optical char-
acterization using a lensed optical fiber mounted on a 3-axis nanopositioner.

The optical measurement setup used for device characterization is illustrated in Figure
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Figure 4.1: The optical measurement setup for the photonic devices. AOM: acousto-
optic modulator, FPC: fiber polarization controller, LF: lensed fiber, NP: nanopositioner,
¢EOM: electro-optic phase modulator, PD: amplified photodiode, SNSPD: superconducting
nanowire single-photon detector.

4.1. A tunable laser, combined with three fiber-coupled acousto-optic modulators (AOMs),
generates short optical pulses, which are delivered to the sample via a lensed fiber (LF)
mounted on a nanopositioner (NP) for precise alignment. The collected return signal can be
directed to different detection pathways, including a photodiode (PD) for power monitoring
or a superconducting nanowire single-photon detector (SNSPD) for high-sensitivity photon
counting. A fiber polarization controller (FPC) ensures optimal polarization alignment with
the photonic cavity mode. Additional optional components (indicated by dashed boxes)
can be integrated into the setup, such as an electro-optic phase modulator (pEOM) for
generating sidebands in transient spectral hole burning experiments and a fiber wavelength
division multiplexer (WDM) for off-resonant excitation. More details on the experimental

configuration can be found in previous work%4.

4.1.2  Cavity Benchmark

Photonic cavities on each sample are screened for resonances 1-2 nm to the blue of the desired

optical transition (A = 1532.6 nm), after which they are tuned (redshifted) onto resonance
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via nitrogen gas condensation. Then, each cavity can be characterized by scanning the laser
wavelength across the cavity resonance, with their cavity quality factor calculated from the
Lorentzian fit of the reflection spectrum as measured with an amplified photodiode. As
shown in Figure 4.2¢, Device A shows a quality factor of Q=30,220 + 890 while Device B
gives Q=40, 680 £ 990. Overall, the samples etched from Sample A (2950 ppm) had a lower
Q than those from Sample B (1.7 ppm) by 30-40% regardless of detuning from the 1532 nm
transition, so this is not due to increased absorption from a higher Er concentration. Rather
this uniform discrepancy in Q between the two samples is most likely due to the fact that
a more complete ErO, layer (in the case of Sample A) hinders the Cl, reactive-ion etching
(RIE) step in the doped region of the TiO, film, leading to more hardmask erosion during
the RIE process and a subsequently lower etch selectivity. Overall, the quality factors of
the cavities are comparable to devices fabricated using thinner (/22 nm) molecular beam

deposited TiOq layer with 35 ppm Er doping. 64

4.1.3  Spectral Diffusion Linewidth Measurement through TSHB

The homogeneous linewidth of an optical transition is important for many photonics appli-
cations and, in particular, for optically addressing single ion quantum memories. A mea-
surement of the homogeneous linewidths of individual emitters would provide the best char-
acterization of disorder within each ion’s local environment. However, that measurement is
not possible for the high doping concentrations where single emitters cannot be spectrally
isolated. Instead, one can perform transient spectral hole burning (TSHB) by sweeping
the detuning of two symmetric sideband tones (generated via an electro-optic phase mod-
ulator) from the laser carrier frequency to measure the degree of spectral diffusion, which
establishes an upper bound on the homogeneous linewidth 4. We performed control TSHB
measurements via Er embedded in TiO5 on top of a bare waveguide (no holes). We use 1 ms

resonant laser pulses and detect the integrated fluorescence —in a 3.95 ms collection window
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Figure 4.2: ALD TiO4-Si photonic crystal cavities. (a) Top view SEM image of fabricated
devices from Sample B, highlighting the inverse tapered waveguide extending off the edge
of the SOI chip (to the right of the yellow dashed line). The dark gray region extending
2-3 pm from the chip edge is due to lateral etching of the original buried oxide layer as
part of the undercut process. (b) An SEM image highlighting the nanophotonic cavity
composed of elliptically shaped holes etched through the TiOy and Si device layers. The
14-hole cavity region (denoted by C) consists of a parabolic taper of the lattice constant,
there are two mirror holes (M) on each side of the cavity region, and extra mirror holes (XM)
are included on the left-hand side of the device because all measurements are performed in a
one-sided coupling configuration via the inverse waveguide taper seen in (a). (c) Normalized
laser reflection spectra of the photonic cavities from Samples A (green squares) and B (blue
circles) coupled via lensed optical fiber at a temperature of 3.5 K. For these reflection scans,
the cavities are tuned onto resonance with the Er in anatase TiO, transition of interest (A =
1532.60 nm). Using Lorentzian fits, the cavities from Samples A and B have quality factors
of Q=30220 + 890 (gray, dashed line) and Q=40680 + 990 (red, dashed line), respectively.
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after the end of the pulse —as a function of the sideband-carrier detuning frequency (A).
In Figure 4.3a, the TSHB results are shown for Sample A (green squares) and Sample B
(blue circles) with the emitters on bare waveguide devices. The half-width at half-maximum
(HWHM) linewidths are 0.56 4+ 0.02 GHz and 0.235 4 0.012 GHz, respectively. The higher
doped sample reveals a linewidth that is broader by a factor of two, presumably as a result
of the stronger ion-ion interactions. However, in both cases this spectral diffusion linewidth
is much narrower than the cavity linewidth, which is 6.47 £+ 0.19 GHz and 4.80 + 0.11 GHz
for Samples A and B, respectively. Thus for both samples, coupling between the emitter and
cavity lies in the "bad cavity" regime, where the Purcell enhancement of the optical decay
rate scales as (Q/V, where Q is the quality factor and V is the mode volume.

We also performed a TSHB measurement on a cavity-coupled Er ensemble for Sample
B (Figure 4.3b) when the cavity is resonant with the transition at 1532.6 nm. For this
measurement, the continuous wave (CW) laser power is increased 28-fold while the laser
pulse lengths are shortened to 2 us —specifically to address the sub-ensemble of ions that
are well-coupled to the cavity. Finally, the normalized intensity as a function of A has been
corrected to account for the lineshape of the cavity (shown in Fig. 4.2¢, green squares), which
modifies the sideband-carrier detuning intensity dependence. In this case, the Lorentzian fit
(dashed line) yields a spectral diffusion linewidth of 0.223 +0.007 GHz, which is comparable
to the TSHB linewidth for Sample B (0.235+0.012 GHz) in Figure 4.3a. Both the bare and
cavity-coupled spectral diffusion linewidths are comparable to the narrowest value (0.18 GHz)
measured previously for molecular beam deposited thin films with thicker buffer layers,63
suggesting that the quality of the ALD films as a host for Er are comparable to those grown

via molecular beam deposition.
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Figure 4.3: Optical measurements on fabricated devices at T = 3.5 K. (a) TSHB mea-
surement results performed on bare waveguide devices fabricated from Sample A (green
squares) and Sample B (blue circles). The data show the normalized PLE intensity versus
the carrier-sideband detuning (A) and are symmetric about zero, but they are plotted over
the full range for visual clarity. The Lorentzian fit (dashed lines) shows a spectral diffu-
sion HWHM of 0.56 + 0.02 GHz for Sample A and 0.235 4+ 0.012 GHz for Sample B. (b)
Similar TSHB measurement results for a cavity-coupled Er ensemble on Sample B, where
the normalized intensity has been corrected to account for the lineshape of the same cavity
shown in Fig. 4c (blue circles). The Lorentzian fit (solid, red line) yields a spectral diffusion
linewidth of 0.223 £ 0.007 GHz. (c) Comparison of the normalized ensemble lifetime of Er
ions in a bare waveguide device (solid green squares) versus the cavity-coupled device (open
green squares) for Sample A (2950 ppm). The bare waveguide lifetime is 725 + 7 us and
the cavity-enhanced lifetime is 13.19 + 0.07 us. (d) Comparison of the normalized ensemble
lifetime of Er ions in a bare waveguide device (solid blue circles) versus the cavity-coupled
device (open blue circles) for Sample B (1.7 ppm). The bare waveguide lifetime is 1718 +5 us
and the cavity-coupled lifetime is 5.7 £ 0.2 ps. For (c¢) and (d), the bare waveguide lifetimes
are fit to a single exponential and the cavity-enhanced decay times are fit using a stretched
exponential as discussed in the text.
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4.1.4  Optical lifetime and Purcell Enhancement

The Purcell enhancement of cavity-coupled ions is an increase in the spontaneous emission
rate of the emitter due to coupling with the cavity mode. It is a key parameter for enhancing
light-matter interaction in quantum and optoelectronic devices. To characterize the Purcell
enhancement introduced from the nanophotonic cavities for both Sample A (2950 ppm) and
Sample B (1.7 ppm), we performed measurements of the Er emission lifetime using resonant
laser pulse excitation. The baseline (non cavity-coupled) optical lifetime was measured from
the same control devices as the TSHB measurements, as illustrated by the closed squares
(circles) in green (blue) in Figure 4.3c (d) for sample A (B). Using a single exponential fit, we
found that the natural emission lifetime for the ions on the bare waveguide was approximately
725 ps for Sample A and 1718 s for Sample B. An optical lifetime of 1.7 ms for Sample B is
consistent with what is measured in ALD and molecular beam deposited thin films at sub-100
ppm doping levels, suggesting that even after patterning the re-annealed sample does not
seem to show signatures of excessive fabrication-induced non-radiative decay. We speculate
that the reduced Er optical lifetime seen in sample A is likely due to ion-ion quenching at
higher concentration that serves as a non-radiative pathway. 150

We measured the Purcell-enhanced decay rate (open markers) for each sample using the
same cavities in Figure 4.2c when each cavity is resonant with the Er optical transition at
1532.6 nm. In contrast to the single exponential character of the decay from bare waveg-
uides, the ensembles coupled to each of the cavities show a stretched exponential character

647151). This is due to the varying coupling strength of ions in

(as has been seen previously
the ensemble to the cavity at different spatial positions along the cavity and dipole orien-
tation with respect to the TE-like fundamental mode. The time constant for the stretched
exponential enhanced lifetime for ions coupled to the resonant cavity was 13.19 + 0.07 us

for Sample A and 5.7 + 0.2 us for Sample B, indicating that the best coupled ions in the

ensemble have a Purcell factor of 55 + 0.6 and 301 £ 11, respectively. Overall, we can see
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that the Purcell factor for Sample A is about 6 times lower than Sample B, and the primary
culprits are the reduction in the baseline lifetime (725 pus versus 1718 ps) and the modest
reduction in cavity Q (3.02 x 10% versus 4.07 x 10%). However, this does not fully account
for the difference in the cavity-enhanced decay. Because the Purcell factor measured here
comes an ensemble of ions coupled to the cavity, with ions positioned near the cavity nodes
being more weakly coupled, the measured stretched exponential decay time only provides a
lower bound on the lifetime for the most strongly coupled ions. As a result, it is feasible that
the thousand-fold higher concentration of ions in Sample A results in more averaging of the
ensemble Purcell factor and hence dilutes the contributions of the best coupled ions to yield
a lower enhancement. Overall the Purcell factor measured for Sample B is approximately
50% better than previously fabricated devices from molecular beam deposited TiO, and the
Er ions (35 ppm) embedded in the rutile phase grains even though the cavity quality factors
were similar.%4 Likely this is due to the aforementioned averaging from the higher doping

concentration.

4.1.5 Conclusion of this section

To conclude, the successful coupling of these ALD-grown Erbium doped TiO, thin films with
moderately high quality factor 1D Si photonic crystal cavities that are enabled, in part, be-
cause of the low surface roughness after annealing, as introduced in Chapter 2. The resultant
Purcell enhancement demonstrates the significant improvement in the spontaneous emission
rate of the Er ions due to the evanescent coupling with the fundamental nanophotonic cav-
ity mode. This enhancement plays a crucial role in achieving more efficient and controlled
light-matter interactions. In particular, the low-doped sample exhibited a much higher Pur-
cell enhancement in excess of 300, further confirming the potential of these Er:TiO4 thin
films integrated with nanophotonic cavities at dilute concentrations suitable for quantum

technologies.
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4.2 Anomalous Purcell Decay of Strongly Driven Inhomogeneous

Emitters Coupled to a Cavity

For this study, we utilize "10/10/10" Er-doped TiO, films grown via molecular beam depo-
sition, which incorporate both rutile and anatase crystalline grains, as reported in previous
work64. The deposition process is conducted at a substrate temperature of 390°C, with
a metallic Er cell temperature of 900°C. At this Er temperature, the flux is calibrated to
yield an Er concentration of 120 ppm in rutile and 130 ppm in anatase, accounting for the
density difference between the two phases. This corresponds to an average Er-Er spacing of
approximately 4.4 nm. While the full details of the molecular beam deposition process for
Er-doped TiO, are beyond the scope of this study, they can be found in our group’s prior
work199. The fabrication process is well introduced in Chapter 3. The SEM images of the

final devices are shown in Figures 4.4a.

4.2.1 Photonic Cavity and Wavegquide Characterization

The optical measurement setup is identical to that shown in Figure 4.1. The cavity full-
width half-maximum (FWHM) linewidth measured is 2.94 £+ 0.05 GHz, when centered at
A = 1520.52 nm, and this corresponds to a Q =(6.71 & 0.11) x 10* (Fig. 4.4b) with a
waveguide-cavity mode coupling efficiency, n = 34%, yielding a decay rate from the cavity of
ke = 0.34k. The cavity is tuned around 1520.5 nm to match the Erbium ion optical transition
in rutile TiOq.In a simplified ambient setup with a closed-loop nanopositioner, measurements
of the suspended in-coupling structures show a typical lensed fiber-to-waveguide coupling
efficiency of approximately 75%, which is close to the simulated maximum of 80%. However,
when the same characterization is performed in the cryostat at 3.5 K, the efficiency decreases

to around 65%.
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Figure 4.4: Fabricated photonic cavities characterization. (a) Scanning electron microscope
(SEM) image of a nanophotonic cavity consisting of elliptically shaped holes etched through
the TiO4/Si device layers. The structure includes a waveguide inverse taper extending from
the chip edge to facilitate efficient optical coupling.(b) Normalized laser reflection spectrum
of the cavity tuned onto resonance with the Z7 — Y7 optical transition for Er in rutile phase
TiOg (A = 1520.5 nm at a temperature of 3.5 K. The dashed line represents a Lorentzian
fit, yielding a cavity quality factor of Q=(6.71 £ 0.11) x 10%.

4.2.2 PLE measurements

We explore the cavity-coupled optical relaxation dynamics in these ensembles using resonant
photoluminescence excitation (PLE) measurements as depicted in Figure 4.5a. We use three
acousto-optic modulators (AOM) in series to generate 5 us laser pulses from our tunable
CW laser. After the end of the laser pulse, we wait 2 us before opening a fourth AOM
in the collection path to our superconducting nanowire single-photon detectors (SNSPDs),
which are not gated. It should be noted that both the laser pulse length and wait time
before detection are sufficiently long to allow for the fast decay of pump photons from the
cavity. We can repeat each pulse sequence many times (typically Ngpots = 4000) to create a
histogram of the ensemble fluorescence lifetime and measure the integrated intensity. Using
this approach, resonant PLE from a laser sweep near 1520.52 nm, yields a broad Erdt
ensemble linewidth of 50 GHz, as was shown previously64, and is represented by the wide

gray Lorentzian shown in Figure 4.5b. The inhomogeneous linewidth A;,; is much broader
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than the cavity linewidth (k=2.94 4+ 0.05 GHz), and we use nitrogen gas condensation on the
cavity to tune the refractive index and slowly redshift the cavity resonance through the center
of the inhomogeneous linewidth. For the majority of measurements, the laser is locked at A =
1520.52 nm using a wavemeter (WS-8-10, High Finesse) calibrated against a fixed frequency
reference laser (SLR-1532, High Finesse). We periodically interrupt PLE measurements to
perform CW laser reflection measurements, such as the one shown in Figure 4.4c, to precisely

measure the cavity-laser detuning parameter, Ac.

4.2.8  Anomalous Purcell Double-peak Decay

With the foundations of PLE measurements, we can now perform lifetime measurements
at a variety of input laser powers for each cavity detuning. For better understanding, we
quantify the incident laser brightness in terms of ¢/k, the photon flux given by the number
photons of incident on the cavity per cavity lifetime (1/x).

As shown in Figure 4.5¢, for the lowest laser power used (¢ = 19x) we measure a fast
decay time close to resonance (A; ~ 0) and slower decay at modest cavity detunings of
~ +4 GHz. In contrast, even though the fluorescence intensity is brighter for the highest
laser power (¢ = 1.1 X 104/4), we see faster decay when the cavity is detuned from the

k64151 we can fit the experimental

transition than on resonance. Following previous wor
data using a function of the form: Aexp |:—(t/’7'1)d] + Bexp(—t/m) + C. For our case, the
stretched exponential with lifetime 71 represents the fastest ensemble fluorescence decay rate
(I' = 1/71) mediated by coupling to the cavity. The stretching exponent (d) attempts to
capture the distribution of individual ion-cavity coupling strengths (¢g) within the ensemble,
and the single exponential decay constant represents the much slower decay from Er ions
along the inverse taper waveguide because the ions are located everywhere in the film. It

is important to note that for these measurements, the specific fit for 71 is robust regardless

of the other parameters (A, B, d, 19, and C) 64 Tf we also measure the optical lifetime of
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the fluorescence decay rate in a bare waveguide without a cavity, I'g = 1/T1, where T =
5.3704+0.013 ms measured from this sample, then the cavity-mediated Purcell enhancement,
['/Ty, can be computed for each incident flux and cavity detuning, and the resultant plot is
shown in Figure 4.5d.

Most interesting is that at higher incident fluxes we see a double-peak decay profile
appear, and the decay rate appears to slow when the cavity is resonant with the driving
field. This double-peaked detuning profile is significantly wider than the lower power cases:
a single Lorentzian fit of the ¢ = 19k case yields a FWHM = 3.96 + 0.24 GHz, which is 35%
wider than the cavity linewidth measured via reflection.

When we plot the total PLE intensity for the resonant case, we can see the onset of
saturation (Fig. 4.5¢), where the dashed red line is a fit to a standard PLE function of the

form

B p1
PO = G (4.1)

If we use the total experimental photon collection efficiency of our system (0.023) and the
detected number of photons, we can infer ~ 2200 photons generated in the cavity per pulse
at the highest pump power (¢ = 1.1 X 104/@. Since we are in a saturation regime, we can
generally conclude that the number of ions that are addressed with our optical pulse is close
to this value.

Using our device geometry and doping density, we very coarsely estimate that there are
7 x 10% total ions along the cavity, though our uncertainty is quite large given the unknown
proportion of Er ions residing in the rutile vs anatase grains. However, if we use this value
and make another coarse estimate that if the spectral window that is being addressed with
these highest power pulses is approximately the cavity linewidth (k = 2.94 GHz), a rough
calculation suggests that around 2600 ions are effectively coupled to the cavity mode. Given

that our estimates of the ion population and the number of photons generated in the cavity
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are in reasonable agreement—particularly in a regime where the ensemble appears to be
saturating—we infer that the actual number of participating ions is likely close to 2000.
This estimate provides a useful basis for simulations aimed at explaining the dependence of
the Purcell factor on detuning. While a detailed theoretical simulation is beyond the scope

of this thesis, further analysis can be found in the published work 0L,

4.2.4  Conclusion of This Section

Through systematic lifetime measurements at various input laser powers and cavity de-
tunings, we have gained deeper insight into the interplay between photon flux, ion-cavity
coupling, and Purcell enhancement in our system. Our results confirm that at lower excita-
tion powers, the fastest decay occurs near resonance, with slower decay observed at moderate
detunings. However, at higher photon fluxes, a double-peaked decay profile emerges, where
the decay rate appears to slow when the cavity is resonant with the optical drive, deviating
from the expected Lorentzian behavior.

By analyzing the PLE intensity, we infer that the system reaches a saturation regime,
with approximately 2200 photons generated per pulse in the cavity at the highest pump
power. Given our device geometry and doping density, we estimate a total ion population of
7x10% within the cavity region, with approximately 2600 ions effectively coupled to the cavity
mode. The agreement between these estimates and the observed fluorescence characteristics
suggests that the number of participating ions is approximately 2000, providing a reliable
input parameter for the theoretical modeling introduced in the published work 101

Overall, these findings offer valuable experimental benchmarks for understanding ensem-

ble ion-cavity interactions and optimizing Purcell-enhanced emission.
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Figure 4.5: PLE Measurements on cavity-coupled Er ensembles at 3.5 K. (a) Schematic
of our photoluminescence excitation measurement sequence. We first generate a 5 us long
laser excitation pulse (magenta). After a 2 us wait time, we open an additional modulator
in the collection path to start the photon collection window (yellow) to enable detection
of the fluorescence from the ensemble. This single pulse sequence is repeated over Ngjots
measurements to build up a histogram of the decay (blue). (b) Schematic of the cavity tuning
mechanism in the measurement. The laser is locked to a particular frequency at the center
of the ensemble’s inhomogeneous distribution. This distribution is broad relative to the
cavity linewidth (k) and is represented by the wide gray Lorentzian (=~ 17x). The cavity is
slowly redshifted through the resonance through gas condensation tuning, and its frequency
relative to the laser is given by A.. The experimental extent of A; is & 12k as represented
with the blue-to-red transition of the cavity Lorentzian. (¢) Nine example experimental time
traces for three different incident photon flux values (¢) and cavity-laser detuning values
(A¢). The black lines are fits to the experimental data. (d) The spontaneous decay rate
enhancement (I'/Ty) as a function of the cavity-laser detuning (A, bottom x-axis and top
x-axis in units of k) for increasing photon fluxes (¢) . The I'/Tj values are extracted from
the stretched exponential time constants fit to experimental data such as those in (c). The
solid lines for each flux are from a pair of Lorentzian lineshapes fit to the experimental data.
(e) Integration of all detected counts within collection time window for each PLE time trace
with the single detuning condition of A. = 0.10 GHz as a function incident flux, the red
dashed line is a saturation fit.
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CHAPTER 5
ISOLATING A SINGLE ERBIUM ION: THE INITIAL STEP
FOR QUANTUM MEMORY QUBIT READOUT

To develop a practical quantum memory, the isolation of a single atomic defect is critical.
This approach is advantageous not only for simplifying the system model but also for en-
abling high-fidelity operations. Following the successful integration of on-chip nanophotonic
structures and the realization of Purcell-enhanced emission, the next focus in advancing
the quantum memory system will be achieving single-ion isolation and characterizing its
single-photon emission properties.

In this Chapter, we demonstrate that the deposition of Er:TiOg thin films on SOI wafers,
subsequently patterned into nanophotonic waveguides and photonic crystal cavities, provides
a platform capable of isolating single Ert ions. At a temperature of 3.4 K, we tune the
photonic crystal cavity within the inhomogeneous ensemble of ions and observe isolated peaks
in photoluminescence excitation (PLE) scans with linewidths on the order of ~ 100 MHz,
with a reduction of the optical emission lifetime by a factor > 400 and antibunching of the
photon autocorrelation 9(2)(0) < 0.5, revealing the emission of single photons. These results
present Er:TiOq on SOI as a widely scalable platform that can be incorporated into mature
semiconductor fabrication processes for the advancement of quantum technologies.

1,102

This chapter is primarily reproduced from Ji et a , with permission from AIP Pub-

lishing.

5.1 Materials and Devices Preparation

The anatase TiOq thin films are grown on commercial SOI wafers (220 nm silicon layer
with 2 pm buried oxide) using molecular beam deposition and consist of three layers: a

middle Er-doped layer sandwiched between undoped buffer and capping layers below and
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Figure 5.1: Overview of the platform to optically isolate single Er3T ions. (a) Outline of the
device heterostructure. The heterostructure consists of a TiO, film grown on top of an SOI
wafer with a 1 nm thick Er3t doped layer sandwiched between two 15 nm thick undoped
layers. The doping level of the middle layer is 2 ppm. (b) SEM image of a representative
fabricated device showing a 1D photonic crystal cavity embedded in a silicon optical waveg-
uide.

above, respectively. 100 We use MBE instead of ALD primarily because MBE enables precise
control over doping levels, especially in the low-doping regime, which is essential for achieving
single ion isolation measurements. The doped layer has been shown to exhibit no significant
erbium clustering. In this study, we investigate a heterostructure in which the undoped
layers are 15 nm thick and the doped layer is 1 nm thick ("15/1/15" structure). The
erbium concentration in the doped layer is estimated at 2 ppm based upon previous doping
calibration confirmed with secondary ion mass spectrometry%+6. Figure 5.1a provides an
illustration of the Er:TiO,/SOI heterostructure.

In the crystal lattice, transitions within the unfilled 4f electronic orbital are weakly
allowed and provide a direct C band telecom optical interface near 1533 nm. Slight differences
in the observed Y7 — Zj crystal field transition in anatase TiO, have been reported for

136,116,65  Here, we observe the lowest energy PLE signature

different growth conditions
near 1532.8 nm which we probe in this work. Rare earth ion optical transitions are long

lived, making weak photon emission signals from single ions hard to isolate without additional
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engineering. In order to enhance the emission rate, optical cavities can be used to modify the
excited state lifetime of rare-earth ions through the Purcell effect192. We therefore pattern
waveguides and photonic crystal cavities into our SOI/TiO, heterostructure to enhance and
collect the emission from ions in the thin film. We utilize a 1D photonic crystal cavity
with elliptically shaped holes and a parabolic reduction of the lattice constant to confine the
optical field to a mode volume of ~ 0.4 (A/n)3, as introduced in Chapter 3.64104101 Figyre
5.1b shows an SEM image of a representative device fabricated for this study. The sample is
placed in a closed—cycle cryostat at 3.4 K and the lensed optical fiber is aligned with 3—axis

positioning stages.

5.2 Optical Emission and Lifetime Dynamics

In order to observe emission from single Er3t ions, we tune the resonance of a cavity across
the inhomogeneous optical transition by freezing a thin layer of nitrogen gas on the surface

153 = Adsorption of the nitrogen leads to

of the sample via a closely placed capillary tube
a redshift of the cavity mode which can be reversibly blueshifted through local heating of
the cavity with resonant two photon absorption by the Si. Figure 5.2a shows the reflection
spectrum for the cavity used in this work. The cavity exhibits a FWHM linewidth of 4.7
GHz and a quality factor of 4.14(7)x10%.

We perform PLE measurements, shown in Figure 5.2b, by scanning a resonant laser
within the cavity lineshape and observe discrete peaks in the emission recorded on a single
photon detector (SNSPD), which we attribute to single Er3T ions. In the inset we show the
pulse sequence used for recording PLE signal. After an optical pulse of duration 1.0 us, signal
from the ions is collected within a programmable time window of duration 7.y, which can
be set independently from the repetition period of the pulse sequence, yep. The sequence is

repeated N times to build statistics. During the optical pulse we block the SNSPD with an

acousto—optic modulator to prevent saturation of the detector signal.
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Figure 5.2: Purcell enhancement and antibunching of single photons. (a) The cavity reflec-
tion spectrum for the device used in this study. The black line is a Lorentzian fit to extract
the cavity parameters. (b) PLE spectrum with resolved single ion emission lines that become
visible when the cavity is tuned within the inhomogeneous line of the optical transition (gray
dashed line, arbitrary scale). Inset: The optical pulse sequence used for PLE measurements.
The duration of the signal collection window, 7., is set independently from the repeti-
tion period of the pulse sequence, 7yep. (c) The lifetime of the optical transition of a single
ion resonant with the cavity (purple squares) is enhanced with respect to an ensemble in
a waveguide with no cavity (gray circles). The single ion lifetime data is recorded for the
ion marked with the triangle (A) in panel b. (d) A single photon autocorrelation on the ion
marked with the circle (o) in panel b, indicating single photon emission. The contribution
of detector dark counts to the correlation is given by the dark shaded rectangles. The shot
repetition period is 60 us and the collection window is 20 us.
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The presence of the optical cavity on resonance with the ion induces a reduction in the
optical lifetime due to the Purcell effect by a factor P = I'/T'y — 1, where I' = 1/77 is the
observed decay rate and I'g is the decay rate without the cavity. In Figure 5.2c we show the
observed lifetime of the ion near 1532.9 nm, marked with a triangle (A) in Figure 5.2b. The
observed lifetime is 77 =2.43(13) us, compared to 1.12(18) ms measured for an ensemble of
ions in a waveguide with no cavity on the same chip. This enhancement corresponds to a

Purcell factor of P = 460(78).

5.3 Isolated Single Ion Emission Analysis

To confirm the emission of single photons from isolated Er3t ions we perform a second
order photon autocorrelation measurement, shown in Figure 5.2d for the ion near 1533.2 nm
marked with a circle (o) in Figure 5.2b. We observe a zero delay value of ¢(2)(0) = 0.29(3),
which indicates single photon emission for 9(2)(0) < 0.5. If we account for the background
detection rate based on an independent measurement of the dark counts in our measurement
(black dashed line), we observe an improved zero delay autocorrelation of g(2)(0) =0.04. In
this measurement the shot repetition period is 60 us, providing a delay out to 1.8 ms for
the 30—shot offset shown in Figure 5.2d. The autocorrelation is symmetric about zero delay

because the measurement is performed on a single detector.

5.4 Single Photon Linewidth Characterization

In Figure 5.3 we characterize the linewidth and spectral diffusion of a single Er3t ion. We
use the ion near 1533.2 nm again as a representative example. A single PLE scan reveals a
Gaussian lineshape with a FWHM of Ar = 173.6 MHz, indicating the presence of spectral
diffusion with a timescale < minutes required to perform the scan. This is in agreement

with previous ensemble—based transient spectral hole burning measurements showing a few
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Figure 5.3: Single ion spectral diffusion. (a) A PLE scan across the single ion marked with
a circle (o) in Figure 5.2b and fit with Gaussian lineshape. (b) Repeated PLE scans across
the same ion over the course of ~ 3.5 hrs.

hundred MHz spectral diffusion linewidths on ~10 ppm Er-doped anatase thin films!00,
Over the course of ~ 3.5 hours, the ion displays additional slower spectral wandering, and
the time—averaged linewidth increases to Av = 209.4 MHz. The Gaussian lineshape indicates
that the observed linewidth is not limited by pure dephasing. One route toward reducing
this linewidth closer to the radiative limit, such that Av = 1/(27T7), is to further tailor the
thickness of the buffering layers in the TiO, film to reduce the ion’s proximity to interfaces.
It is also possible that grain boundaries in the polycrystalline film contribute to the observed
linewidth, as has been observed in rare—earth doped nanocrystals!®*155  Thus, a balance
between grain size and smoothness of the thin film to maintain low optical losses in photonic

devices is critical.

5.5 Concluding Remarks of This Chapter

To conclude, in this work we have demonstrated optical isolation of single Er3t ions in
CMOS compatible TiO, thin films monolithically integrated on an SOI photonics platform.
Single ion linewidths have been observed on the order of ~ 100 MHz with Purcell enhance-

ment factors of the optical decay rate > 400 and clear antibunching of the single photon
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emission. This work shows the promise of monolithically integrated Er:TiO, on SOI for the
development of widely scalable approaches to incorporate quantum emitters with mature

semiconductor fabrication processes.
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CHAPTER 6
EXPLORING DYNAMIC QUENCHING IN SINGLE-PHOTON
AVALANCHE PHOTODETECTORS: A NOVEL PASSIVE
QUENCHING METHOD WITH ADAPTIVE RESISTIVE
SWITCHING

Semiconductor p—n junction-based single-photon avalanche diodes (SPADs) are a compact,

efficient, and room-temperature-compatible technology, making them highly attractive for

156,157 158

quantum communication and advanced three-dimensional imaging applications°°.
Operating in Geiger mode, SPADs are reverse biased beyond their avalanche breakdown
voltage199, allowing them to detect single photons with high sensitivity. However, once an
avalanche is triggered, it can become self-sustaining, necessitating a quenching circuit to
terminate the multiplication process and reset the device. The most common quenching
method involves a passive series resistor, but this approach inherently limits the recovery
speed of the SPAD. The high resistance required for effective quenching results in slow
recharging of the SPAD’s depletion capacitor, restricting its frequency response and overall
performance. 160

In this chapter, we address this limitation by introducing an adaptive resistive switch
(ARS) as a bias-dependent alternative to a fixed quenching resistor. The ARS leverages
reversible metallic conduction, enabling dynamic switching between low and high resistance
states under unipolar bias. By integrating ARS technology with commercially available
SPADs, we achieve avalanche pulse widths as short as 30 ns, a 10x improvement over
conventional passive quenching. This innovation significantly enhances the SPAD’s frequency
response, making it a promising approach for high-speed quantum and optical applications.

103

This chapter is mainly reproduced from Zheng et al.*”°, with the permission of Springer

Nature.
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6.1 Introduction: Understanding Quenching Mechanisms in SPAD

6.1.1 Working Principles of the SPAD Passive Quenching

The principle of operation is described using the equivalent circuit of a conventional passively
quenched SPAD (Fig. 6.1a). The circuit consists of a photon-activated switch, a diode
resistance (Rg), a voltage source (V},) representing the avalanche breakdown voltage of the
SPAD, and a junction capacitance (Cy;). The SPAD connects to an external voltage source,
Vo (Vi — Vp, represents the overvoltage), with an Rj, quenching resistor in series.

Initially, the SPAD is charged by the external voltage, resulting in a voltage Vgpap = Vi
applied across C;. Upon absorption of a photon (Fig. 6.1b), the switch closes, and Cy
discharges through the internal loop, triggering an avalanche, which causes a drop in Vqpap.
When Vgpap decreases to a value near Vj, the avalanche process ends, and the switch
reopens (Fig. 6.1c). The external voltage now recharges the SPAD, completing the cycle
and preparing the device for the next photon detection. The currents (I) and voltages

(Vapap) during the discharging and recharging phases are given by the following equations:

(Vo — V) (1 — et/ HaCa)

[= i (6.1)
Vspap = (Va — Vy)e "/ FaCa 1y (6.2)
- Va- Vy)e !/ BiCa (6.3)

Rp
Vapap = —(Va — Vy)e /1L 1 v, (6.4)

The diode resistance (R) is the sum of the resistances in the barrier region (the neutral
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Figure 6.1: Schematic of the circuit model for SPAD. (a) Equivalent circuit model for passive
quenching of the SPAD in series with a quenching resistor. The dashed box is the SPAD,
represented by a capacitor, a resistor, a photon switch, and voltage source. (b) The SPAD
discharge process when an avalanche is triggered by an incident photon. (c¢) Recharging pro-
cess after quenching. (d) Single-photon detection system. Passive quenching is accomplished
by connecting a SPAD and a resistor in series. A voltage source (Keithley 2400) is used to
reverse bias the SPAD. The single-photon signal is generated by attenuating the optical
signal from a laser diode driven by a Keysight 33600A waveform generator. The avalanche
response current is determined from the voltage on a 50 €2 readout resistor and the voltage
is introduced to an amplifier (Mini-circuits ZFL-1000LN+) and then into an oscilloscope
(Rigol DS7024) through a bias tee (Mini-circuits ZFBT-4R2GW+).
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region through which current flows) and the space-charge layer. A smaller sensing area
and a thicker depletion region result in a larger diode resistance. Typical values for diode
resistance range from 1009 to a few kQ1%9. In this study, the SPAD under investigation
has a large sensing area (diameter 200 um) with a relatively thick barrier region, yielding a
diode resistance of approximately 1 k2. This configuration achieves a quantum efficiency of

up to 85% at a wavelength of 650 nm.

6.1.2 How Adaptive Resistive Switch Effective in This System

In SPADs, a large quenching resistor (Ry,) is crucial for ensuring effective avalanche quench-
ing and minimizing jitter during the discharge process!®?. Consequently, R 1, is typically set
to around 100 £Q2. However, as shown in Eq. (4), this high resistance significantly increases
the recharging time due to the high R;C,; time constant. Given that R; typically ranges
from 100 Q2 to a few k2, the discharge time (Eqgs. (1) and (2)) is relatively short compared to
the recharging duration. Since the probability of triggering an avalanche by newly absorbed
photons remains low during the recharging phase, this extended recovery time ultimately
limits the SPAD’s frequency response when passive quenching is employed. To overcome
this limitation, a more efficient quenching mechanism is needed that dynamically adapts
its resistance, maintaining high resistance during discharge for effective quenching while
enabling low resistance during recharging for faster recovery.

A promising solution is the adaptive resistive switch (ARS), a material whose resistance
reversibly changes in response to the applied bias. The ARS is typically composed of dielec-
tric metal oxides, such as HfOy and AlyOg, sandwiched between an inert electrode (commonly
Pt) and an active electrode containing a diffusing metal species. Under an applied bias, metal
ions from the active electrode migrate through the oxide layer, forming a conductive filament
that dynamically modulates the device’s resistance. When the bias is removed, the filament

dissolves 01, In this work, we utilize AlyO4 as the dielectric oxide layer and Ag as the active
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electrode, enabling controlled metal diffusion for adaptive resistance switching.

By integrating an ARS with a SPAD, significant improvements in single-photon detection
response times can be achieved. At low bias, the ARS remains in its high-resistance state,
ensuring rapid quenching of the avalanche. However, when the applied voltage exceeds a
critical on-threshold, filamentary conducting paths form within the ARS material, drastically
reducing its resistance and enabling efficient recharging. This resistance change is reversible,
meaning that when the bias drops below a lower off-threshold voltage, the ARS returns to its
high-resistance state. When placed in series with the SPAD, the ARS dynamically transitions
between these states—high resistance during avalanche quenching and low resistance during

recharging—thereby enhancing both quenching speed and recharging efficiency.

6.2 ARS Devices Fabrication and Measurement

6.2.1 ARS Fabrication Process

The ARS devices (see Figure 6.2) were fabricated on Si wafers covered with a 300 nm thermal
SiOy. The ARS structure is based on a 5 nm AlyOg dielectric layer sandwiched by a Ti (5
nm) /Pt (50 nm) bottom electrode and an Ag (10 nm)/Au (50 nm) top electrode. The top
and bottom electrodes (each 500 nm wide) are orthogonal, leading to a typical cross-bar
device geometry 162,

The 500 nm-wide bottom electrode strips were first patterned via electron-beam lithogra-
phy, followed by electron-beam evaporation of a Ti (5 nm)/Pt (50 nm) bilayer thin film and
subsequent lift-off. Next, an AlO, layer was deposited via atomic layer deposition (ALD,
Veeco Fiji G2 PEALD system) at a substrate temperature of 250°C, using trimethylalu-
minium (TMA) and H5O as precursors. The AlO, layer was then patterned via photolithog-
raphy and reactive ion etching (RIE).

Subsequently, the top electrodes, 500 nm wide and orthogonal to the bottom electrodes,
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Figure 6.2: Electron microscope photographs of the ARS devices. (a) Low magnification
image showing 25 independent devices on a wafer. (b) High magnification image showing
the cross-bar architecture.

were deposited using electron-beam lithography, followed by electron-beam evaporation of Ag
(10 nm)/Au (50 nm) and lift-off. The top electrode was deposited using a Lesker PVD-250
e-beam evaporator at a base pressure in the low 10~ Torr range.

The device’s active area (500 nm x 500 nm) corresponds to the cross-sectional overlap
between the top and bottom electrodes. Finally, Ti (20 nm)/Au (200 nm) probe contacts (100

nm X 100 pm area) were patterned via photolithography and electron-beam evaporation.

0.2.2 Packaging and Electrical Characterization

The ARS device was encapsulated in a commercial TO-5 can, with its electrodes wire-bonded
to the package pins. Given that the separation between package pins is on the order of several
millimeters, the stray capacitance of the ARS package is considered negligible.

The quasi-static current—voltage (I-V) characteristics of the ARS, measured following the
standard forming treatment at 5 V163 (prior to the quenching experiments), are presented
in Figure 6.3a. A compliance current of 1 mA is applied to limit the conducting filament
thickness, ensuring the device operates in a volatile mode, where it reversibly returns to the
— 0. 164,165

high-resistance state when V'

The initial on-voltage is approximately 0.5 V, while the off-voltage is around 0.1 V. The
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off-state leakage current is measured to be less than 1 pA, which is below the detection
threshold of the Keysight B1500A semiconductor analyzer and is effectively masked by its
noise floor, as depicted in Figure 6.3a.

With continued operation, the on and off switching voltages exhibit a gradual upward
drift, accompanied by an increase in leakage current. This phenomenon is evident in the
[-V characteristics of Figure 6.3b, measured on the same time scale as Figure 6.3a, after
approximately 1019 avalanche triggers under periodic single-photon signal operation. At
this stage, the on and off switching voltages have increased to 8 V and 5 V, respectively.
Correspondingly, the off-state and on-state resistances stabilize at approximately 400 k2
and 40 k€2, as confirmed by simulation results, which will be discussed in the following
sections. This final stabilized state will be utilized in the ARS-integrated SPAD quenching
measurements and simulations.

The voltage drift and resistance variation observed over time suggest gradual device
degradation, which is examined in detail in later sections. While this drift underscores the
need for further material optimization, such behavior is not uncommon in the early stages
of novel device development, and improvements in material engineering could mitigate these

effects.
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Figure 6.3: Current—voltage characteristics of the ARS showing the hysteresis behavior of
the resistor, measured: (a) The initial few cycles of I-V measurements of as fabricated ARS
devices. (b) After an estimated 1019 cycles of switching, the cycled I-V measurements of the
ARS devices. The off-state and on-state resistances here are about 400 k€2 and 40 kS2.

6.3 Measurements of Avalanche Quenching Dynamics

6.3.1 FExperimental Setup

The experimental setup for single-photon avalanche detection is shown in Figure 6.1d, where
the Si SPAD (Hamamatsu S14643-02) is connected in series with a quenching resistor and
powered by a DC voltage source (Keithley 2400). A bias tee (ZFBT-4R2GW+) is used to
extract the AC signal from the SPAD output. The bias tee has three ports, i.e., DC+AC
input port (port 1 in Figure 6.1d), AC output port (port 2), and DC output port (port 3).
In the experiment, the SPAD, quenching resistor, 50 €2 readout resistor, and SMA type 1/O
port are soldered onto a PCB board. The 50 ) readout resistor is used to match the PCB
board impedance to the following circuits, and the bias tee was used to extract the avalanche
pulse (port 2) from the DC background (port 3) and protect the amplifier and oscilloscope
in case there is a constant and large current coming out from the PCB board (i.e., the SPAD
is shorted).

The avalanche pulse is then introduced into a low noise amplifier (ZFL-1000LN+) and
read out using an oscilloscope (Rigol DS7024). A 520 nm laser (Thorlabs L520P120) driven
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by a Keysight 33600A waveform generator delivers the light pulse to the SPAD. The Si
SPAD’s responsivity at 520 nm (0.2 A/W at a bias of 20 V with gain—=1) enables calibration
of the input light intensity using the photo-current read by the Keithley 2400. The laser drive
voltage is carefully set so that the corresponding photon number in each pulse averages to
1000. The laser pulse is then attenuated to 1 photon/pulse by a x1000 attenuator (Thorlabs
NDUV530B). In this work, the current flowing through the SPAD is derived from the voltage
readout (at the oscilloscope) divided by the voltage gain (10) of the low noise ZFL-1000LN-+
amplifier times the AC port output impedance (50 €2). The avalanche pulse shape studies
were carried out with the laser repetition rate of 1 MHz and with the SPAD response recorded

at a scanning step of 0.4 ns.

6.3.2 Characterization of SPAD Performance Integrated with ARS

When the ARS is used as a quenching resistor, the typical single-photon triggered avalanche
pulse shape (representing the current flowing through the SPAD) is shown in Figure 6.4a as
the blue curve. Four inflection points are marked as A, B, C, and D. The driving voltage of
the laser is depicted as the red curve.

The pulse shape observed with ARS quenching differs significantly from that obtained
using conventional passive quenching (i.e., a fixed resistor). In the current trace of Figure
6.4a, one possible interpretation is that the transition from A to B corresponds to the dis-
charging process of the SPAD, while B to C and C to D represent subsequent recharging
phases. If this interpretation holds, the quenching resistance during B to C must be higher
than during C to D, as indicated by the lower slope of the B to C segment compared to C
to D. This would suggest that the ARS transitioned to its low-resistance state near point
C, which should have resulted in a noticeable increase in the SPAD current at C—an effect
that is not observed in the experiment.

Therefore, discharging is completed before point A, meaning point A is part of the
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Figure 6.4: Quenching experiment results with ARS. (a) Typical pulse shape of the ARS
quenched SPAD (blue curve); the red curve indicates the driving voltage of the laser. (b)
The statistical distribution of the critical recovery time for the SPAD quenched by the ARS.

The average critical recovery time is 30 ns. (c) Jitter performance of the ARS quenched
SPAD when operated at 6 MHz repetition rate.

recharging process. The current rise at point A is due to the ARS switching resistance,
as shown in Figure 6.3. This behavior aligns with expected timescales: the RC time con-
stant for discharge is approximately 700 ps for a junction capacitance of 0.7 pF (from the
device datasheet) and a diode resistance of 1 k2. As derived from Equations (1) and (2),
about 90% of the stored energy discharges within 1.6 ns. In contrast, resistive switches
typically switch within 100 ps to a few nanoseconds 66

Given these timescales, it is likely that by point A, the SPAD has fully discharged, and
the A to B transition results from the ARS switching from off (high resistance) to on (low
resistance). The B to C segment represents the fast recharging phase with the ARS in its on
state. At point C, when the voltage across the ARS drops below its off threshold, the ARS
returns to its high-resistance state, leading to the C to D segment. Beyond point D, SPAD

recovery continues, but the increased resistance of the ARS slows the process.
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In this work, we define the A to D process as the critical recovery process, which is
accelerated by the ARS. The period after D is the recovery tail, where the SPAD bias is
gradually restored. While the recovery tail has a minor impact on detection efficiency, the
critical recovery process determines the SPAD’s counting speed. Since it is challenging to
measure the ARS exact off-state resistance in a serial system during fast quenching and
recharging, precise recovery determination is beyond the scope of this study.

A statistical analysis of 1000 avalanche pulses and their critical recovery time distribution
is shown in Figure 6.4b. Most pulses exhibit a critical recovery time under 50 ns, with an
average of 30 ns. Given the laser pulse width of 15 ns, and that single-photon pulses are
generated using a 1000x attenuator applied to a laser pulse with an average of 1000 photons,
occasional detection of multiple photons cannot be ruled out. However, this is not the focus
of this study, which aims to demonstrate ARS-based dynamic quenching. Additionally,
variations in pulse width in the SPAD output are likely due to the stochastic electrochemical
reactions involved in ARS filament formation and dissolution.

The jitter performance of the ARS-quenched SPAD is determined from the avalanche
output measured by an oscilloscope, as shown in Figure 6.4c. The counting threshold is set
to 5 mV, with a sampling time step of 0.5 ns. A sharp peak appears at ¢ ~ 21 ns with a full
width at half maximum (FWHM) of 1.5 ns, indicating precise timing. A secondary peak is
observed at ¢t ~ 35 ns, which is attributed to ARS degradation, as discussed inl03,

In our measurements, the modulation bandwidth of the TO-packaged laser (Thorlabs
L520P120) compresses the 15 ns pulse width of the drive waveform, as shown in Figure 6.4
(red curve). This bandwidth limitation causes the actual current waveform to be narrower
than the electrical pulse, leading to a jitter time significantly shorter than the laser’s 15 ns
electrical input pulse width. The measured jitter indicates that most avalanche responses

occur with high timing consistency, highlighting the fast and reliable switching of the ARS.
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6.3.3 Comparison with Conventional Passive Quenching

We conducted quenching experiments on the same SPAD type, using fixed quenching resistors
of 40, 60, 100, and 400 k2 to compare with the ARS-based quenching results. The findings
are presented in Figure 6.5a-d. It is important to note that when the fixed resistance is
30 k€2 or lower, unreliable quenching is observed, leading to unstable operation. Therefore,
the conventional quenching experiments began at 40 k). Different excess bias voltages
were applied to ensure a consistent counting rate at low repetition rates. The measured
avalanche pulse response (Figure 6.5a) exhibits three distinct features: a spike, a plateau,
and a recharging process.

The spike typically originates from the fast charging of the chip quenching resistor’s stray

capacitance. 167

However, this spike is absent in ARS quenching (Figure 6.4a). This occurs
because the ARS is mounted on a TO-5 can package, where the lead pitch (5.08 mm) is
significantly larger than the bottom termination distance of the chip resistor (0.3 mm) used
in the conventional quenching method. Since stray capacitance is inversely proportional to
the lead pitch, it becomes negligible in the ARS configuration.

The plateau appears due to a sustained avalanche, which occurs when the quenching

8

resistance is not sufficiently large!®®. The variation in plateau duration results from the

probabilistic nature of the quenching process 129,

When the quenching resistance is suffi-
ciently large, the variation is minimized, and the quenching time is primarily determined by
the RC time constant of the SPAD’s internal discharge loop. However, when the quenching
resistance is too low, the quenching resistor may fail to immediately terminate the avalanche,
allowing it to persist until self-quenching occurs. This leads to significant randomness in

168 Figure 6.5b—d compares the plateau time, recharging time, and recov-

quenching time
ery time for SPADs passively quenched with 40, 60, 100, and 400 k2 resistors. As shown,
in all cases, the recovery time is typically 300 ns or longer (Figure 6.5¢) for a cumulative

distribution function (CDF) of >0.75.
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Figure 6.5: Conventional passive quenching results and comparison with ARS. (a) Typical
response pulse shape of the 60 k2 quenched SPAD (blue curve) indicating features corre-
sponding to the spike, plateau, and recharging processes (pulse shape for the 40, 100, and 400
kQ quenched SPAD has similar features); the red curve indicates the driving voltage of the
laser. (b), (¢) Cumulative distribution functions (CDFEs) of the plateau and recharge times,
respectively, for the 40, 60, 100, 400 k2 quenched SPAD. (d) CDFs of the total recovery

times for the 40, 60, 100, 400 k€2, and the critical recovery time of the ARS quenched SPAD
(black).
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In contrast, ARS-based quenching achieves a 10x reduction in response time, reaching
30 ns. Our passive resistance data indicates that such an improvement is not possible with
a fixed resistance alone, as reducing the fixed resistance to such low values prevents effective
avalanche quenching. This suggests that the dynamic switching behavior of the ARS is
crucial in achieving lower quenching resistance, leading to significantly faster recovery times.

The advantages of faster critical recovery times is illustrated in high repetition rate (20
MHz) single-photon measurements (Fig. 6.6a and b). Representative avalanche responses
(across 1.6 us time windows) are shown both for the ARS and conventional passive quenching
(100 kS2) cases. The red curve indicates the single-photon drive voltage, and the blue curve
is the SPAD signal. Statistical analysis of the data was carried out using single-photon
response data over 0.4 ms with a time step resolution of 0.4 ns. There are 8000 single-
photon pulses involved in the analysis. The single-photon counting rate under 20 MHz
single-photon repetition rate is 1.8 MHz for conventional passive quenching (100 £€2) and
8.5 MHz for ARS quenching.

Similarly, the counting rates under different repetition rates ranging from 1 to 50 MHz
are calculated and plotted in Fig. 4c for SPADs quenched by ARS and conventional passive
quenching. For comparison, 400 k2 (R, ¢y of ARS), 40 kQ (Ropn of ARS), and 100 k(2 are
used to perform the conventional passive quenching. As is shown in Figure 6.6¢, the counting
rate of the ARS quenched SPAD is significantly higher than the passive quenched SPAD,
especially when the repetition rate is large. The results are consistent with the faster critical

recovery times of the SPAD measurements with ARS quenching.
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Figure 6.6: The count rate comparison at a input repetition rate of 20MHz. (a-b) Avalanche
response to a single photon signal with a 20 MHz repetition rate for a SPAD quenched by
(a) ARS and (b) the 100 k2. (c¢) Counting rate under different repetition rate for SPAD
quenched by ARS and fixed resistor.

6.4 Simulation and Analysis of ARS-Based Quenching

Mechanisms in SPADs

The narrow avalanche pulse width and fast quenching performance indicate a critical resis-
tance transition in the ARS during SPAD quenching. To further investigate this improve-
ment, we conducted a theoretical analysis by modeling and simulating the ARS-quenched

SPAD circuit using PSPICE simulations in OrCAD PSpice Designer.

6.4.1 The Circuit Design for Simulation

The circuit schematic is shown in Figure 6.7. The photon signal port, resistances R1, R2, and
the switches Syjg, Sgelf represent the switch in Figure 6.1a-c. V1 and R3 correspond to the

equivalent internal voltage source (breakdown voltage) and the SPAD internal resistance,
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respectively. C1 represents the SPAD junction capacitance. Together, the optical switch
sub-circuit, V1, R3, and C1 form the equivalent circuit of the SPAD.

The quenching resistance is modeled by R4, which represents the ARS with the PSPICE
model embedded. V2 serves as the external voltage source, while R5 is a 50 {2 matching
resistor. The components C4, R6, and L1 form a bias tee, which separates the AC and DC
signals. The values of R6 are taken from the datasheet of the bias tee ZFBT-4R2GW+,
where capacitance and inductance values are not provided. Therefore, C6 and L1 are chosen
from the datasheet of another bias tee product BT1-0026 from Marki Microwave, which has
a similar transmission band to what was used in the experiment.

The AC signal is introduced from C4 into an oscilloscope, whose input impedance is 50 €2
(R7). In the simulation, we track the current flow through R7, the voltage across the SPAD,
and the voltage and current on the ARS during quenching. The photon signal port generates
a voltage pulse with a pulse width of 1 ps, whose rising edge triggers the switching (closure)
of a voltage-controlled switch Syjs. When Sty switches on (i.e., closes), C1 discharges

through an internal loop of

Cl— R3 = V1= Styig — Sseit = C1

which is marked in blue in the figure.

The discharge current exceeds the threshold of the current-controlled switch Sqgf, causing
it to close at the start of the discharge. The falling edge of the electric pulse leads to the
reopening of the voltage-controlled switch Styjg.

The current-controlled switch threshold is set at 100 pA (latching current of a self-

159)

sustained avalanche in this work. When discharging ends, the current flow through Sqgj¢

is given by:
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Figure 6.7: Schematic circuit diagram for Pspice simulation. The photon signal port, R1, R2,
STrigs SSelf are used to mimic the optical switch in Figure 6.1. V1 and R3 are the equivalent
internal voltage source (breakdown voltage) and SPAD’s internal resistance, respectively. C1
is the SPAD junction capacitance. The equivalent optical switch, V1, R3 and C1 form the
equivalent circuit of SPAD. R4 denotes the quenching resistance of ARS. V2 is the external
voltage source. R5 is the 50 ) impedance matching resistor. C4, R6, and L1 form a Bias
Tee, which separates the AC signal and the DC signal. The AC signal is introduced from
C4 into an oscilloscope (R7), of which the input impedance is 50 2. The discharging path
(blue) and recharging path (red) are labelled. The current flowing through R7, the voltage
across SPAD (C1), and the voltage and current on ARS are monitored in simulation.

Ve
I — excess
Rtotal

Where: Vexcess is the excess bias (difference between the external voltage and breakdown
voltage), and Ry is the sum of the quenching resistance and the diode resistance.

The SPAD breakdown voltage V7 is 100 V, and the junction capacitance C1 is 0.7 pF
(Hamamatsu S14643 datasheet). A typical value of 1 kQ169 is used for the internal resistance.
With Vo = 109 V, the excess bias is 9 V. The recharging path is labeled in Figure 6.7 as a

red loop through:

V1—>R5—>Cl—>ARS—>V1
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6.4.2 Model of ARS

Since the ARS is not a standard electronic component commonly used in traditional CMOS
circuit design, its modeling is not standardized, and its performance heavily depends on the
chosen model. In this work, we simulate the ARS using an established bipolar memristive

system with threshold 170, The behavior of the ARS is described by the following equations:

I=z"1vy (6.5)
dx
o = fVan)W(w, Var) (6.6)
1 1
FVa) = 8% [Vag = 5V + Vo) = 5(0Vag = Vo = Vi ~Vau]  (67)

W(z, Vag) = 0(Ven — Vi )0 (1 S ) FO(Vay — V)0 ( v 1> (6.8)

Rog Ron

Here, I and Vj; are the current and voltage on the ARS, x is the resistance of the ARS,
and [ denotes a resistance transition speed (with units of Q/(s - V)). Von, Ron, Vog, and
Rog represent the switch-on voltage, on-state resistance, switch-off voltage, and off-state
resistance, respectively. Extracting the key parameters of the ARS from Figure 6.3b, we

obtain:

Von =8V, Vog=5V, Ron=40kQ, Ry = 400kQ.

The response varies as a function of 3, and it is found that the switching speed is greatly
influenced by this factor. In this study, 3 is assumed to be 1 x 1014Q/(s- V) to accommodate
the nanosecond-level rising and falling speed of the response curve.

Additionally, 6 is the smoothed step function, which is introduced to prevent convergence
issues 0. Here we use:
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|z| =2 [0(x) — 0(—2)] . (6.10)

Here, b is a smoothing parameter and we choose it to be 1072,

6.4.3 Simulation Results and Analysis

With the circuit and ARS PSpice model ready, the simulation results are shown in Figure
6.8a and b. In Fig. 6.8a, the response current is shown in a solid blue curve, while the excess
bias, which is defined as the voltage across the SPAD minus the breakdown voltage, is shown
in a dashed red curve. The shape of the blue current curve is similar to that observed in the
experiment. The SPAD abrupt voltage drop illustrates how the discharge proceeds (1-4 ns).
After the discharge, the ARS starts switching and generates an avalanche pulse output with
the transition A — B — C — D, similar to the experimental results shown in Figure 6.4.
Figure 6.8b shows the voltage across the ARS (purple curve) and the ARS resistance (dark
curve). Using relevant physical parameters described above, the simulations show that with
the triggering of an avalanche, the junction capacitor of the SPAD discharges, and the ARS
switches from high (400 k€2) to low (40 kS2) resistive states in 4.7 ns (A — B).

It should be noted that point A (Fig. 6.4a) occurs during the discharging period (14
ns), after the voltage across the ARS exceeds 8 V. As a result of switching-on, the current
increases, and the recharging process accelerates (B — C in Fig. 6.8d, e). During the fast
recharging, the excess voltage across the SPAD increases to 4 V (red dashed curve in Fig.
6.8a), and the voltage on the ARS reduces to below 5 V (purple curve in Fig. 6.8b). As a
result, the ARS switches off (C'— D in Fig. 6.8b). The recharging process then decelerates
(C — D in Fig. 6.8a).
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Figure 6.8: Pspice simulations of a SPAD quenched by the ARS showing the variation of the
following parameters as a function of time. (a) The avalanche current trace (blue curve) and
the voltage across the SPAD (red dashed curve). (b) voltage across the ARS (pink curve)
and the resistance (dark curve).

The shape of the simulated SPAD response is consistent with experimental observations,
indicating that the ARS transitions from high to low resistance during the SPAD discharge
and recharge process, thereby significantly reducing SPAD reset times. However, two issues
remain unresolved in the model used. First, the magnitude of the current in the simulation
peaks at 100 pA, which is higher than the observed range (1040 pA). The reason for this is
not yet clear at this moment. Second, our model does not incorporate statistical fluctuations

of the avalanche pulse width.

6.5 Concluding Remarks of This Chapter

In summary, we have proposed and experimentally demonstrated an avalanche photodetector
quenched with a self-adaptive resistive switch (ARS). Our results show that this approach
achieves an avalanche pulse width at least eight times narrower than the conventional pas-
sive quenching method, while maintaining the simplicity of the traditional approach. Both
experimental data and simulations support our conclusion that this fast switching behavior
arises from the voltage-dependent resistance of the ARS.

This work has significant potential for enhancing the performance of silicon photomulti-
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pliers (SiPMs) by accelerating avalanche quenching recovery times. Additionally, the ARS
is easy to fabricate, fully compatible with silicon-based material systems, and offers strong
integration potential with SPAD arrays, making it a promising candidate for next-generation

high-speed photon detection applications.
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CHAPTER 7
DESIGNING MECHANICALLY ROBUST AND POROUS
ALL-INORGANIC ANTIREFLECTIVE COATINGS USING
MICROPOROUS POLYMERS

In this chapter, we demonstrate the research using polymer of intrinsic microporosity 1 (PIM-
1) to design single-layer and multilayered all-inorganic Antireflective coatings (ARCs) with
excellent mechanical properties. Using PIM-1 as a template in sequential infiltration synthe-
sis (SIS), we can fabricate highly uniform, mechanically stable conformal coatings of AlO,
with porosities of about 50% and a refractive index of 1.41 compared to 1.76 for nonporous
AlO, that is perfectly suited for substrates commonly used in high-end optical systems or
touch screens (e.g., sapphire, conductive glass, bendable glass, etc.). We show that such
films can be used as a single-layer ARC capable of reduction of the Fresnel reflections of
sapphire to as low as 0.1% at 500 nm being deposited only on one side of the substrate.
We also demonstrate that deposition of the second layer with higher porosity using block
copolymers (BCP) enables the design of graded-index double-layered coatings. AlO, struc-
tures with just two layers and a total thickness of less than 200 nm are capable of reduction
of Fresnel reflections under normal illumination to below 0.5% in a broad spectral range with
0.1% reflection at 700 nm. Additionally, and most importantly, we show that highly porous
single-layer and graded-index double-layered ARCs are characterized by high hardness and
scratch resistivity. The hardness and the maximum reached load were 7.5 GPa and 13 mN
with a scratch depth of about 130 nm, respectively, that is very promising for the structures
consisting of two porous AlO, layers with 50% and 85% porosities, correspondingly.

This chapter is mainly reproduced from Ji et al.10%, with the permission of ACS Publi-

cations.
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7.1 Introduction: Antireflective Coatings

Antireflective coatings (ARCs) are widely used to reduce the light reflection at interfaces,
and thereby enhance the transmittance of light. 171172 ARCs with low refractive indices are
important for a broad range of applications such as solar cells, displays (mobile phones,
computer and television screens), telescope lenses, cameras, and eyeglasses. The optical
components in such devices are often made out of different types of glass with varying
refractive indices, n, (e.g., fused glass (n = 1.458), sapphire glass (n = 1.768), Gorilla glass
(n = 1.50), indium tin oxide (ITO) glass (n = 1.827) at 630 nm). According to the Fresnel
equation, 17 to minimize the reflectance of glass substrates in the visible range of the light
spectrum, a single-layer ARC with n about 1.2 to 1.4 is required. The optimal thickness of
the ARC for a given wavelength A is at normal incidence for destructive interference, which
leads to minimal reflectance over the spectral range around A.

Bulk inorganic materials with n less than 1.4 are limited and mainly restricted to fluorides.
For example, MgF2174 with n about 1.38 in the visible range can lower the reflectance of
each side of the float glass from 4.3% to 1%. However, MgF, thin film deposition involves
the use of hydrofluoric acid or other aggressive precursors of fluorine.17176 Additionally,
MgF, is soluble in water (about 0.013 g/100 mL) and exposure to inorganic fluorides can be
associated with health concerns. 177 These factors reasonably impose some constraints on the
applicability of fluorides in the fabrication of touchable devices and optical systems exposed
to the environment. To achieve safe, nontoxic and stable coatings with lower refractive
indexes, nanoporous thin films have been introduced for the fabrication of ARCs.!11:178
According to effective medium theory, the refractive index of the thin composite film is
determined by the fractions of different materials as long as the feature sizes are much
smaller than the wavelength of the incident light.179 In the case of dry porous films, their
refractive indices will be determined by the refractive index of the inorganic material and

air with the refractive index of 1. The higher porosity will be associated with the smaller
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refractive index. Therefore, proper control over the porosity is the key to nanoporous ARCs
with the desired antireflectivity.

Compared to the single-layered ARCs, multilayered ARCs consisting of several alternat-
ing layers with different thicknesses and refractive indices can provide a better antireflection
performance by minimizing the light reflection in a broad spectral range as a result of the de-
structive interference of wavefronts reflected at each interface. In turn, a gradual decrease of
the refractive index (graded-index ARCs) allows for avoiding a sharp transition between inter-
facing optical media resulting in minimal Fresnel reflection losses. 180 The novel techniques,
including nanoporous thin film via polymer with porosities111 and lithography-produced

nanostructure coatings, 151

have been researched for high-quality graded-index ARCs. How-
ever, porosity can compromise the mechanical properties of materials resulting in increased
brittleness, lower hardness and scratch resistance. Moreover, due to the high optical contrast
between scratched and unscratched areas originated from differences in the refractive index,
the ARCs are subject to high scratch visibility. It is equally important for optical coatings
to have adequate mechanical properties in terms of hardness and abrasion resistance in or-
der to withstand day-to-day handling. 182 Therefore, it is critical to develop approaches that
can finely tune the refractive index and thickness of the nanoporous inorganic coatings used

to design graded-index multilayer ARCs, while preserving the low cost and suitability for

large-scale manufacturing of advanced thin films with good resistance to mechanical wear.

7.2 Fabrication of Porous Coatings: Utilizing Polymer Templates

for ALD Deposition

7.2.1 Materials

Substrates in the experiments were silicon, sapphire, and Gorilla glass. The silicon substrates

with 300 nm thermal oxide were purchased from Silicon Valley Microelectronics, Inc. The
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half-inch sapphire glass windows were purchased from Meller Optics. Gorilla glass was pur-
chased from Abrisa Technologies. The polymer of intrinsic microporosity such as PIM-1 was
synthesized in DMAc at 160 °C following the previously reported procedure.!® Dimethy-
lacetamide (DMAc, Sigma-Aldrich) and anhydrous potassium carbonate (KoCOg, Sigma-
Aldrich) were used as received. 5,5,6,6-Tetrahydroxy-3,3,3,3-tetramethylspirobisindane (TTSBI,
Sigma-Aldrich) was purified by crystallization from methanol. Tetrafluoroterephthalonitrile
(TFTPN, Sigma-Aldrich) was purified by vacuum sublimation at 150 °C under an inert at-
mosphere. The block copolymer poly(styrene-block-4-vinylpyridine) (PS-P4VP) (specifically

in this study (PS(79)-PVP(36.5)) was purchased from Polymer Source, Inc.

7.2.2  Polymer Film Deposition

The dry PIM-1 powder was dissolved in anhydrous chloroform with a concentration of 20
mg/mL. The dry PS(79)-PVP(36.5) powder was dissolved in toluene to obtain 13 mg/mL. Af-
ter dissolution, the polymer solutions were filtered through a polytetrafluoroethylene (PTFE)
0.45 pm pore size filter and spin-coated onto the clean substrate at 2000 and 4000 rpm for
PIM-1 and PS(79)-PVP(36.5), respectively. The cleaning process of the substrates was the
following: sonication in DI water (2 min), followed by sonication in acetone (2 min) and in

isopropyl alcohol (2 min).

7.2.3  Solution Treatment of the Deposited Polymer

For PIM thin films, the substrates with the deposited coatings were immersed in methanol
heated to 55 °C for about 1 h and then kept at room temperature overnight in a fume hood.
For BCP thin films, the samples were immersed in ethanol heated to 75 °C for 2 h. After
completion, the samples were dried under nitrogen gas flow and used for infiltration with

inorganic precursors from the vapor phase immediately.
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Figure 7.1: Depiction of the steps involved in the fabrication of single-layer and double-
layered AlIO, ARCs. PIM-1 serves as a template for the synthesis of the porous AlO, (Layer
1). More porous structures can be deposited on the top of Layer 1 using BCP as a template
(Layer 2) for the formation of more porous double-layered structures.

7.2.4  Infiltration of the Polymer Templates with Alumina Precursors to
Form ARCs

The infiltration of polymer templates with alumina precursors was performed using a SIS
method that has been described earlier.1!1 A GEMStar thermal atomic layer deposition
(ALD) system was used for the process for convenience, though we note that our process
is not an ALD process (deposition rates are much higher and the deposition is not atomic
layer-by-layer) and could be carried out in other appropriately configured chemical vapor
deposition systems as well. TMA and HyO were used as gas-phase precursors. In the first
half of a SIS cycle (about 400s), the TMA vapors (0.08 s pulse length through the ALD
actuator) infiltrate into the polymer template, selectively binding to the functional groups.
(13) The selectively bound precursors then react with water vapor (0.08 s pulse length
through the ALD actuator) locally producing AlO, in the next half of the synthesis cycle
(about 120 s). At the end of each SIS cycle, the unreacted gases are purged out of the
chamber with 200 sccm N2 gas flow for 20 s. The procedure was repeated 10 times. The
infiltration was performed at 90 °C.

The single-layer alumina ARCs (further referred as AIOiD 1M ) were prepared following
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the procedures described above. The graded-index double-layered alumina ARCs, further
referred as AlOﬁIM/ BCP, were prepared via spin-coating of a solution of PS(79)-PVP(36.5)
on the top of the porous AIOg IM film, with the BCP layer prepared same as above. For
double-layered ARCs, 10 cycles of SIS were exerted both on the PIM and the BCP templates
to obtain Layer 1 and Layer 2, respectively. Hexamethyldisilazane (HMDS) treatment was
performed using YES-3/5TA. The process parameters were 150 °C, pressure 1 Torr, and 3
cycles of N2 and HMDS purging for 5 min.

After SIS, the samples were annealed at 500 °C for 1 to 3 h to remove the polymer
template under airflow in the quartz tube in a Thermolyne 21100 Tube Furnace.

The overall fabrication process of the single-layer and double-layered AlIO, ARCs are

depicted in Figure 7.1.

7.3 Characterization of Porous Coating Thin Films

7.3.1 Refractive Index of the Infiltrated Thin Films

A Horiba Jobin Yvon UVISEL spectroscopic ellipsometer was used to measure the film
thickness, porosity, and refractive index of the nanoporous thin films. Measurements on

OPIM) " formed via 10 SIS cycles, has a

approximately five samples show that Layer 1 (Al
porosity of about 50%, resulting in a refractive index of approximately 1.41 over the 300 —
1000 nm spectral range (see Fig. 7.2). This refractive index is ideal for minimizing reflectance
on high-index substrates such as sapphire (n = 1.768) or ITO glass (n = 1.827). In contrast,
ellipsometry estimates indicate that Layer 2 (AIOE cp ) has a porosity of around 85%, which
yields a lower refractive index of about 1.1 (see Fig. 7.2).

Furthermore, the typical thicknesses of Layer 1 (AIOFTM) and Layer 2 (AI0BCP) are

approximately 80 nm and 105 nm, respectively. These thicknesses can be tuned by adjusting

the spin-coated polymer template. According to the quarter-wavelength optimization theory

102



1.5
—_ Pl
§1‘4 \.L I I I I I Alox =
(9]
=
< 1.3
[&]
0
§ 1.2

N0 T 1

p 3

-
e

1 i ' " " i L J
300 400 500 600 700 800 900 1000
Wavelength(nm)

Figure 7.2: The refractive indices of AIOETM and AIOBCP versus different wavelengths. The
data is measured using ellipsometry. The nanoporous AlOx films are obtained via infiltration
of PIM-1 (AIOLTM) and PS(79)-PVP(36.5) (AIOLTM) followed by polymer removal via
annealing as described in the fabrication details.

for ARCs, these layer thicknesses are designed to enable destructive interference for visible
wavelengths on glass substrates such as Gorilla glass (n = 1.5) and sapphire glass (n =
1.768). Together, these results demonstrate that multilayer graded-index ARC coatings can

be precisely engineered to achieve optimal optical performances.

7.3.2  Electron Microscopy and X-Ray Characterization

Scanning Electron Microscopy (SEM) and Small-Angle X-ray Scattering (SAXS) are used
to analyze the nanostructure and morphology of the infiltration thin films after anneal.

For Layer 1 (AIOPTM) the SEM data indicates that the obtained alumina films (de-
posited on silicon) are smooth (Fig. 7.3a). SAXS data show that AlOx obtained using the
PIM-1 template has a mesoscale poorly ordered structure (Figure 7.3e). A very broad peak
at the higher ) region suggests the presence of spherical features of about 10 nm with a
rather broad size distribution in the AlOx layer that agrees with the SEM data (Fig. 7.3a).
During the spin-coating process, the PIM-1 layer may trap air between the polymer and
the substrate. Upon thermal annealing, polymer removal leads to slight deflation of these
air-trapped regions, forming dark circular features in the SEM images of AIO§ M (Fig.
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7.3d).

In contrast, the SEM data of Layer 2 (AIOBCP) indicated that alumina coatings obtained
using PS-P4VP templates consisted of rather tangled porous tubular micelles (Fig. 7.3). To
visualize the interface between AIOIP IM and AIOECP in AlOiDIM/ BCP, we prepared the
sample shown in Figure 7.3d in which we mechanically removed the fragment of PS(79)-
PVP(36.5) film spin-coated on the top of AIOéj IM pefore SIS. Analysis of delaminated
fragments of the AlOfgJ IM films by SEM points to an uniform nature of the porous coating.
Importantly, such features do not affect the deposition of the consecutive layers (Fig. 7.3d).

SAXS data indicates that being deposited on porous AIOPIM (Layer 1), AIOBCP (Layer
2) has a smaller domain spacing as compared to that deposed directly on the Si substrate.
The SAXS pattern from of AIOg cpP grown directly on Si and the position of the diffraction
peak from its microphase separated cylindrical structure, q = 0.0089 A—1 corresponding to d-
spacing of 70.5 nm (Figure 7.3e), are similar to those of neat PS-PVP. On the other hand, the
SAXS peak from the AlOfCDIM/ Bor appears at a much higher q, suggesting that the degree of
microphase separation of the BCP is suppressed on PIM. However, the SAXS pattern of the

AlOPTM/BCP

also shows a diminished peak at the same position as AlOf CP gt q = 0.0089
A-1. Therefore, we conclude that the structures of both samples are not much different
from each other at their top surfaces as seen from SEM images (Fig. 7.3b,c), where the

morphologies are affected more by the polymer/air interaction than the polymer/substrate

interaction.
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Figure 7.3: SEM and SAXS measurements results. (a-b) SEM images of single 80 and
105 nm thin AlO, layers formed as a result of 10 SIS cycles on PIM-1 (AIOg IM " Layer

1, shown in panel (a)) and (AIOBCP | Layer 2, shown in panel(b)). (¢) SEM image of the

double-layered AlOx ARC (AlOiDIM/ BCP). (d) Top view SEM image showing the interface

between AlO, layers with different porosities in double-layered AlIO, ARC (bottom and top
layers were about 80 and 105 nm, respectively). (e) SAXS data obtained for AlO, layers
shown in panels (a—c).

7.4 Antireflective Properties of Single-Layer and Graded-Index

Double-Layer ARC Coatings

This section presents the optical performance of single-layered and graded-index double-
layered ARCs. To assess their effectiveness, the ARC coatings were applied to sapphire glass
and Gorilla Glass, enabling a direct comparison of their anti-reflectivity and transparency
improvements.

Sapphire glass is an extremely durable, scratch-resistant, and optically transparent ma-
terial composed of crystalline aluminum oxide (AlyO3). With a high hardness (Mohs scale
around 9), exceptional chemical stability, and superior optical clarity, it is widely used in
luxury watches, aerospace optics, and consumer electronics. 184

Similarly, Gorilla Glass, developed by Corning Inc., is a chemically strengthened glass

known for its durability, scratch resistance, and optical clarity. It is extensively used in
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smartphones, tablets, laptops, and other electronic displays.185

By demonstrating ARC performance on these two widely used glass substrates, we aim
to highlight the broad applicability of our coatings for various industrial and commercial

products.

7.4.1 Optical Performance on Sapphire Glass

The refractive index of 1.41 characteristic to a porous alumina single layer with 50% porosity
obtained with PIM-1 template (Fig. 7.2) is well suited to minimize the reflectance of high
refractive index substrates such as sapphire (n = 1.768) or ITO glass (n = 1.827). Indeed,
Figure 7.4 demonstrates that the reflectance of sapphire can be lowered from about 7.9% to
0.1% at 500 nm due to the porous alumina coating on only one side of sapphire while the
transmittance increased from 85% to about 90 - 91% in the spectral range between 380 and
650 nm (Fig. 7.4a-b).

In double-layered ARC coating the thicknesses of Layer 1 and Layer 2 were 80 and 105
nm, respectively. According to the quarter wavelength optimized thickness theory for ARC,
these layers should enable destructive interference for the wavelengths in the visible range.
Two layers of porous alumina resulted in the design of the graded-index ARC for a sapphire
substrate that lowered its reflectance from 7.9% to below 0.5% in a broad spectral range
(Fig. 7.4a). Moreover, the reflectance of sapphire was lowered to 0.1% at around 700 nm.
The light transmission of sapphire was increased from about 85% to 91 — 93% just as a result
of deposited ARC on one side of the sapphire. Note that such a significant reduction of the
reflectance and increase in the transparency of the sapphire was realized by deposition of only
two gradient-index layers with a total thickness smaller than 200 nm. Photographs of the
uncoated and coated sapphire glass are shown in Figure 7.4c-d to visualize the performance

PIM/BCP

of the single-layer and graded-index double-layered AlOy and to highlight the better

transparency and less reflection of the sapphire coated with porous ARCs.
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Figure 7.4: Optical performance of single (AIOJICD 1M ) and graded-index double-layered

(AIOQIUJIM/ BCP) ARCs deposited on sapphire glass: the reflectance (a) and the transmit-

tance (b) data; (c-d) The optical micrographs visualizing the performance of the porous
ARCs. The images were taken at normal incidence and at an of 45° angle (top and bottom,
respectively). Images shown in panel (d) were taken at an of 45° angle to the substrate.

(e) Contact angle measurements on sapphire and sapphire coated with graded-index double-

layered (AlOfIM/ BCP) after hexamethyldisilazane (HMDS) treatment.
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7.4.2  Optical Performance on Gorilla Glass

The double-layered ARC worked well also for the Gorilla glass (n = 1.50). With only just

PIM/BCP) N

two layers of porous AlO,, we observed in our double-layered structure (AlOy

X7
significant reduction of the reflectance at normal incidence from 4% to below 0.8% over
the visible range (Fig. 7.5a). The transmittance was improved from 92% to above 95% in
the visible range with just a single side coating (Fig. 7.5b). Figure 7.5¢ shows the optical
image of Gorilla glass coated with graded-index double-layered ARC, demonstrating the
transparency of the coated sample and elimination of the light reflection at the substrate
coated with double-layered AlOfIM/ Ber ARC. One can see no reflection of the light at

the coated substrate, while surrounding uncoated Gorilla glass samples demonstrate the

pronounced reflection (Figure 7.5¢, bottom image).
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Figure 7.5: Optical performance of single (AIOg 1M ) and graded-index double-layered

(AlOfIM/ BCP) ARCs deposited on Gorilla glass: the reflectance (a) and the transmit-

tance (b) data; (c) Optical images of Gorilla glass sample with graded-index double-layered
(AlOfIM/ BCP) ARCs obtained at normal incidence (top image) and at about 30° angle

(bottom image). The bottom images shows the elimination of the reflection at the coated
substrate while the reflection of the fluorescent light tube is pronounced at the surrounding
uncoated substrates.
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7.5 Mechanical Stability of Single-Layer and Graded-Index

Double-Layer ARC Coatings

Mechanical properties of the ARC coatings need to be appropriate for protection against
scratches and abrasion during their use. We measured the hardness and scratch resistance
of our films, parameters commonly used to characterize the mechanical performance of the
optical coatings. While we were mostly interested in the mechanical properties of graded-

index double-layered porous films on sapphire, we also studied such structures deposited on

Si.

7.5.1 Methods - Nanoindenter

The mechanical properties of the thin films were characterized by a KLA iNano nanoindenter.
The fused silica reference material was tested for instrument verification. The hardness tests
were performed with the Berkovich tip. The scratch tests were performed with a conical tip
with a radius of 5 um by continuously increasing the load on the film as the indenter moved
along the surface of the substrate with a velocity of 20 ym/s. The ramp-load started at 0.04
mN and ended upon reaching a load necessary to cause some identifiable film failure (critical
load) or until reaching 20 mN if the film did not deform. All scratch tests were run using the
same parameters to compare the critical load values from different samples more accurately.
The critical load was automatically determined by the instrument using acoustic emission
feedback picked by a piezoelectric detector arranged next to the indenter. A critical load was
defined as the load value at which the acoustic emission suddenly increased. Depth profiles

of the scratch vectors were also recorded and analyzed.
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7.5.2 Thin Film Hardness

Our hardness and scratch test results (Fig. 7.6) indicate that despite the porous nature our
PIM-templated and PIM /BCP double-layered coatings have excellent mechanical properties
and are superior to the BCP-only coatings. Figure 7.6a shows the plots of the hardness versus
the nanoindentation depth. The hardness of graded-index double-layered ARC structures
(AlOfIM/ BCP) on sapphire at a nanoindentation of 150 nm can be as high as 7.5 GPa
(Fig. 7.6b), which is, in fact, higher than the hardness of, for example, bulk fused silica glass
(about 6 GPa).'80 Conducting the hardness measurements on AlO, deposited on different
substrates, we observed the effect of the substrate on the hardness that is expected for thin
films. 187 Interestingly, at smaller loads AlO, deposited on sapphire shows a higher tendency
toward its deformation, as evidenced by lower hardness than coatings deposited on the Si
(Figure 7.6b). Since sapphire has a higher hardness than Si, the effect of the substrate only
should result in the opposite trend. However, at higher loadings the hardness values of both
coatings start to be similar for graded-index double-layered porous coatings deposited on
sapphire and Si substrates and therefore we propose that this observation can be associated
with the position of sharp Berkovich-type indenter with respect to the pores in the top layer
and orientation of the pores. In general, in order to minimize the effect of the substrate, it
is recommended to analyze samples in which the deformation takes place only in the top 10
— 20% of the volume. 187 This is, however, an unreasonable condition for our structures that

have a thickness below 200 nm, dictated by the optical needs of the application.

7.5.8  Thin Film Scratch Resistivity

Figure 7.6¢c shows the scratch load during the scratching tests. In such tests the critical
load can be used as a measure to compare the scratch resistivity of different coatings if
the experimental parameters are kept constant. The maximum load is detected by the
instrument using acoustic emission feedback picked by a piezoelectric detector arranged
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Figure 7.6: Mechanical properties of the graded-index double-layered 185 nm ARCs struc-

tures (AlOfIM/ BCP) deposited on different substrates (Si and sapphire) (a—d): (a) the

exerted load vs nanoindentation depth and (b) the thin film hardness vs nanoindentation
depth. (c) The scratch load vs the scratch position during the nano scratch test. The critical
markers show the point when the pinhead is lifted off the surface. (d) The vertical scratch
profile vs the scratch position during the nano scratch test shown in panel c. The compari-
son of the mechanical properties of AIOFIM (Layer 1 in double-layered ARC) and AIQBCP
(Layer 2 in double-layered ARC) on Si (e-h): (e) The exerted load vs nanoindentation depth.
(f) The thin film hardness vs nanoindentation depth. (g) The scratch load vs the scratch
position during the nano scratch test. The critical markers show the point when the pinhead
is lifted off the surface. (h) The vertical scratch profile vs the scratch position during the
nano scratch test, shown in panel g. The comparison shows that the Alog IM Jayer has
much higher hardness and scratch resistance as compared to AlOf P,
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next to the indenter. The maximum reached load was 13 mN with a scratch depth of about
130 nm (Figure 7.6d), which is much higher than that of the porous anodic aluminum oxide
(AAO) ARC structures in which the indenter can penetrate down to 350 nm at 2 mN load 188,
The scratch tests indicated higher scratch resistivity of coatings deposited on the sapphire
substrate as compared to coatings on Si (Figure 7.6¢,d) that is reasonable since sapphire and
the graded-index double-layered coating have a similar chemical composition that can result

in their better adhesion of the coatings to the substrate.

7.5.4  Discussion of Results

Our results indicate that the films containing PIM (whether single layer or double-layered)
are significantly harder (Figures 7.6a,e). The advanced mechanical properties of graded-
index ARC are most likely due to the underlying AIOg 1M (Layer 1) formed via infiltration
of PIM-1 (Figure 7.6f). The hardness of AIOZTM is much higher than that of AIOBCP and
comparable to the hardness of the double-layered ARCs on Si (Figure 7.6b). The scratch
test data demonstrate the same trend (Figure 7.6¢). Therefore, Layer 1 fabricated via SIS in
PIM not only served as the first antireflection layer with a higher refractive index as expected
but also performed as a mechanical supporting layer for the porous film above it. The higher

hardness and scratch resistance of the AIOETM films as compared to AIOBCF films can be

attributed to their lower porosity and smaller size of the pores.

7.6 Concluding Remarks of This Chapter

In conclusion, PIM-1 serves as a highly effective template for the robust deposition of uniform,
porous AlO, conformal films via SIS. The resulting 50% porosity and refractive index of
1.41 make these films well-suited for high-refractive-index substrates such as sapphire and
other optical components. Furthermore, these layers can be integrated into more complex

multilayer architectures to enhance optical performance.
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We also demonstrate that incorporating a second, higher-porosity layer using block
copolymers enables the fabrication of graded-index double-layered coatings, effectively re-
ducing Fresnel reflections to below 0.5% across a broad spectral range, with reflections as
low as 0.1% at 700 nm. This is achieved using nontoxic, stable AlO, structures with just
two layers and a total thickness of under 200 nm.

Importantly, the mechanical durability of these graded-index coatings is enhanced by the
mechanically robust AlOf; IM Jayer, which results from PIM-1 infiltration with a metal oxide
precursor. The coatings exhibit a maximum load capacity of 13 mN with a scratch depth
of 130 nm, making them highly promising for applications requiring both optical efficiency
and mechanical resilience.

This study highlights the potential of PIM-1-based templating for the cost-effective and
scalable fabrication of high-performance optical coatings with exceptional optical and me-
chanical properties, paving the way for future advancements in anti-reflective coatings and

functional nanostructured films.
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CHAPTER 8
CONCLUSION OF THIS JOURNEY

8.1 Summary of Key Findings

This thesis explored the integration of erbium (Er) ions with silicon photonics for quan-
tum memory applications, with a focus on device fabrication, material engineering, optical
characterization, and system performance evaluation. The research spanned from quantum
memory development (Chapters 2—5) to broader photonics applications (Chapters 6-7),
demonstrating both fundamental advancements and technological innovations.

In Chapter 2, we demonstrated the material deposition method ALD for Er:TiO,,
which is compatible with CMOS integration for quantum applications. Chapter 3 focuses
on the design, simulation, and fabrication of photonic chips, particularly photonic cavities,
to enhance atom-photon interactions and achieve Purcell enhancement of the emission rate.
Building upon these foundations, Chapter 4 presents the successful integration of Er-doped
materials into photonic structures, where we experimentally probe the Purcell effect and
explore the rich cavity QED physics by varying the input laser power. To further establish
the potential of Er-ion-based quantum memory, Chapter 5 demonstrates the isolation of
single erbium ions via optical measurements, marking a crucial step toward individual qubit
readout in a quantum memory system. Overall, this research advances Er-ion-based quantum
memory, pushing the frontier of CMOS-compatible integration while demonstrating its strong
potential as a quantum repeater processor for future industrial-scale quantum technologies.

Furthermore, classical photonics research also drives the technological innovation. In
Chapter 6, we introduce a novel ARS-based dynamic quenching method, which achieves
a 10x improvement over traditional passive quenching techniques. This advancement holds
great potential for future integration into SPAD chips, significantly enhancing their perfor-

mance. In Chapter 7, we explore nanoporous coatings for display technologies, demon-
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strating a fabrication technique for ultra-thin films (about 200 nm) that exhibit remarkable
anti-reflectivity and mechanical durability. This research was successfully filed as a U.S.
patent and presents a promising avenue for next-generation screen technologies.

This thesis contributes to the development of quantum photonic memory, bridging fun-
damental research in materials and nanophotonics with technological innovations in photon
detection and optical coatings. By advancing erbium-based quantum memory, this work
lays the foundation for scalable, fiber-network-compatible quantum information systems.
Furthermore, the demonstrated ARS-based SPAD technology and graded-index ARCs open

new possibilities in communication, sensing, and high-performance optics.

8.2 Future Research Outlook

While this thesis successfully demonstrated key milestones in Er-ion integration with pho-
tonic devices, several challenges still remain to solve towards a real quantum memory system.
Here, I propose a few points that may be worth to investigate in the future.

I. Enhancing Single-Ion Control and Coherence. The current optical coherence
(about 170 MHz) is not yet sufficient for direct quantum memory applications. To address
this limitation, further optimization is required, potentially involving advancements in mate-
rials engineering, optical system design, and cryogenic system refinement. How do material
defects influence spectral diffusion and optical linewidth broadening? How can fabrication
processes be optimized to minimize defects and improve coherence? How can the system
be refined to reduce environmental fluctuations and enhance stability? Addressing these
questions is crucial for advancing single-ion control and achieving the coherence necessary
for practical quantum memory applications.

II. Remote Entanglement with Erbium Quantum Memories. Achieving remote
entanglement is a critical milestone for demonstrating a functional quantum memory or re-

peater system, essential for quantum network applications. To reach this goal, not only are
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indistinguishable photons required, but communication efficiency also plays a key role in en-
suring the success of such experiments. In this research, our primary focus is on optimizing
communication efficiency. Moving forward, deeper exploration of spin-photon interactions
within the cavity-ion coupling system will be necessary. Additionally, further investigations
into controlling photon properties, such as detuning, will be crucial for enhancing the per-
formance and scalability of erbium-based quantum networks.

III. Chip-Scale Integration with Electronic Components. While this research
primarily focuses on integrating Er-doped materials with silicon photonics, achieving a fully
functional quantum memory system will require further integration with electronic compo-
nents. Key elements such as electro-optic modulators, photodetectors, and control circuits
will play a critical role in enabling practical implementation. This level of integration ex-
tends beyond material processing and demands a comprehensive approach that combines
materials science with systematic electronic and photonic engineering expertise. Developing
such a hybrid system will be essential for realizing scalable and efficient quantum memory
systems.

IV. Expanding Beyond Erbium. The primary advantage of erbium lies in its nat-
ural optical transitions within the telecom C-band, making it highly suitable for photonic
quantum memory applications. However, as a Kramers ion, its electron spin coherence is
inherently limited. To achieve longer coherence times, alternative qubit systems, such as
nuclear spins or non-Kramers ion electron spins, may be necessary. Therefore, a key chal-
lenge remains: how can Er ions be efficiently coupled to these long-coherence candidates?
While this issue is yet to be resolved, leveraging Er as the central spin-photon interface for
quantum memory systems holds great promise. Such an approach could drive significant
advancements in the field and open the door to new quantum memory technologies.

V. Integration with Hybrid Quantum Systems. Erbium is a strong candidate for

quantum memory in quantum networks. However, for broader applications in quantum com-
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puting, integrating it with hybrid quantum systems remains both promising and challenging.
While some studies have explored Er-diamond systems and Er-based quantum transduction,
their efficiency and fidelity still require significant improvement for practical implementation.
Advancing novel design strategies and integration techniques will be key to overcoming these
limitations, potentially unlocking new capabilities for Er-based quantum technologies and

expanding their role in next-generation quantum applications.
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