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Abstract

One of the most important protocols in distributed quantum computing and quantum communication is
quantum teleportation, which allows quantum information to be sent between distant nodes without
actually sending the quantum particle. The teleportation process is fundamentally based on quantum
entanglement, Bell state measurements, and classical communication channels, which collectively
allow the accurate reconstruction of an unknown quantum state at a remote location. In recent years,
rapid progress in integrated photonics and thin-film quantum materials has accelerated the
development of compact, scalable, and chip-based quantum teleportation systems. Thin-film photonic
platforms, including silicon photonics, silicon nitride, and thin-film lithium niobate (TFLN), have
demonstrated exceptional potential due to their low optical propagation losses, high integration
density, strong electro-optic properties, and compatibility with complementary metal-oxide-
semiconductor (CMOS) fabrication technologies. These platforms support essential quantum
functionalities such as entangled photon pair generation, integrated interferometers, quantum state
manipulation, phase control, and on-chip quantum state transfer. Recent experimental demonstrations
of chip-to-chip quantum teleportation, long-distance fiber-assisted teleportation, and integrated
quantum logic operations further highlight the practical feasibility of thin-film photonic systems for
future quantum communication networks. Moreover, advances in nanofabrication, hybrid integration,
and quantum photonic circuit engineering are significantly improving teleportation fidelity, scalability,
and operational stability. Despite remaining challenges associated with photon losses, decoherence,
fabrication imperfections, and large-scale integration complexity, thin-film integrated photonics are
expected to play a pivotal role in realizing scalable quantum networks, distributed quantum computing
architectures, and the future quantum internet. This review discusses the fundamental principles of
quantum teleportation, recent developments in thin-film photonic platforms, fabrication techniques,
integrated quantum devices, current challenges, and prospects for scalable quantum communication
technologies.

Keywords: Quantum teleportation, thin films, integrated photonics, quantum communication,
entangled photons, lithium niobate, silicon photonics, quantum internet, quantum networks

INTRODUCTION

Quantum communication technologies are
rapidly transforming secure information transfer,
distributed computing, and next-generation
networking. Unlike classical communication
systems, which rely on binary information encoded
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as bits, quantum communication uses quantum bits
(qubits) that exploit superposition and entanglement
principles. These unique quantum properties enable
fundamentally new communication protocols with
unprecedented levels of security, computational
capabilities, and information processing efficiency.
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Among the various quantum communication protocols, quantum teleportation is regarded as one of the
most revolutionary achievements because it enables the faithful transfer of an unknown quantum state
from one location to another without physically transmitting the quantum particle itself [1].

Quantum teleportation was first theoretically proposed by Bennett et al. in 1993 and has since become
a cornerstone of quantum information science. The teleportation process relies on three essential
components: quantum entanglement, Bell state measurement, and classical communication. In a typical
teleportation protocol, two distant parties, commonly referred to as Alice and Bob, share an entangled
photon pair. Alice performs a Bell state measurement on the unknown quantum state and her entangled
photon, after which the measurement result is sent to Bob through a classical communication channel.
Based on this information, Bob applies an appropriate quantum operation to reconstruct the original
quantum state. Importantly, the original quantum information is destroyed at Alice’s location and
recreated at Bob’s location, ensuring compliance with the no-cloning theorem of quantum mechanics. [2].

Quantum teleportation is of enormous significance for emerging technologies such as the quantum
internet, distributed quantum computing, quantum cryptography, and quantum sensing networks. It
provides a mechanism for transferring quantum information across large distances while preserving
quantum coherence and entanglements. This capability is essential for constructing scalable quantum
communication infrastructure and interconnected quantum processors.

Early experimental demonstrations of quantum teleportation primarily used bulk free-space optical
systems composed of mirrors, beam splitters, nonlinear crystals, and optical fibers to achieve quantum
teleportation. Although these systems successfully demonstrated teleportation principles, they suffer
from several practical limitations. Free-space optical setups are typically bulky, expensive, highly
sensitive to mechanical vibrations, and vulnerable to environmental disturbances, such as temperature
fluctuations and optical misalignment. Moreover, scaling such systems into large and stable quantum
networks is extremely challenging because of their size, complexity, and limited integration capabilities [3].

To overcome these limitations, researchers have increasingly focused on integrating quantum
photonics and thin-film photonic technologies. Thin-film photonic systems miniaturize quantum optical
components onto compact semiconductor chips, thereby enabling stable, scalable, and energy-efficient
quantum devices. Integrated photonic circuits can incorporate waveguides, interferometers, phase
shifters, modulators, photon sources, and detectors within a single platform. This integration
significantly reduces optical losses, enhances phase stability, and improves system reliability compared
with conventional bulk optical arrangements.

Among the various integrated platforms, silicon photonics has emerged as one of the most promising
technologies because of its compatibility with mature complementary metal-oxide-semiconductor
(CMOS) fabrication processes. Silicon photonic devices allow the large-scale integration of quantum
optical components with high precision and relatively low manufacturing costs. Silicon waveguides can
efficiently guide photons at telecommunication wavelengths, making them suitable for long-distance,
fiber-based quantum communication systems. In addition, silicon photonics supports spontaneous four-
wave mixing (SFWM), a nonlinear optical process widely used for generating correlated and entangled
photon pairs on-chip [4].

Another important platform is thin-film lithium niobate (TFLN), which has recently gained
considerable attention in integrated quantum photonics. Lithium niobate possesses exceptional electro-
optic and nonlinear optical properties, making it highly suitable for high-speed modulation, frequency
conversion, and entangled photon generation. TFLN waveguides offer low propagation losses, strong
optical confinement, and efficient spontaneous parametric down-conversion (SPDC), enabling compact
and high-performance quantum photonic circuits. The combination of excellent optical properties and
chip-scale integration capability positions TFLN as leading candidates for future quantum teleportation
and networking applications [5].
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Recent advancements in nanofabrication and integrated photonic engineering have enabled several
important milestones in chip-scale quantum teleportation research. Researchers have demonstrated
integrated entangled photon pair generation, on-chip Bell state measurements, programmable quantum
interference circuits, and chip-to-chip teleportation using silicon photonic platforms. Long-distance
quantum teleportation experiments using integrated photonic chips connected through optical fibers
have also been successfully conducted, demonstrating the feasibility of metropolitan-scale quantum
communication networks.

In addition to silicon photonics and TFLN, hybrid photonic platforms combining multiple thin-film
materials have been explored to optimize device performance. Hybrid integration allows researchers to
combine efficient photon sources, low-loss waveguides, superconducting single-photon detectors, and
electro-optic modulators on a unified quantum photonic platform. These developments are accelerating
progress toward scalable and fault-tolerant quantum communication systems [6].

Thin-film photonic systems also provide several practical advantages, including compact device size,
reduced power consumption, high operational stability, improved reproducibility, and compatibility
with existing fiber-optic communication infrastructure. These features are critical for the development
of commercially viable quantum communication technologies and future quantum internet
architectures.

Despite the rapid progress, several technical challenges remain. Photon losses, decoherence,
fabrication imperfections, thermal instability, and limited quantum memory integration continue to
affect teleportation fidelity and scalability. Furthermore, integrating all quantum functionalities,
including photon generation, manipulation, storage, and detection, onto a single chip remains an active
area of research. However, ongoing advances in materials science, nanotechnology, quantum photonics,
and artificial intelligence-assisted device optimization are steadily improving system performance and
accelerating the practical realization of large-scale quantum networks [7, 8]. Therefore, thin-film
integrated photonic technologies are expected to play a central role in the next generation of quantum
communication systems. Their ability to support compact, scalable, and high-fidelity quantum
teleportation makes them one of the most promising technological foundations for future distributed
quantum computing and global quantum internet infrastructure [9, 10].

Fundamentals of Quantum Teleportation

Quantum teleportation is a quantum information transfer process in which the quantum state of a
particle is transmitted from one location to another without physically moving the particle. Unlike
classical communication systems, which directly send information through electrical or optical signals,
quantum teleportation transfers the exact quantum state of a qubit using the principles of quantum
mechanics. This protocol combines quantum entanglement with classical communication to achieve
secure and accurate quantum state transfer. Quantum teleportation does not involve the transportation
of matter or energy in the conventional sense. Instead, it transfers information encoded in the quantum
state. The original quantum state at the sender’s side disappears after measurement, whereas an identical
quantum state appears at the receiver’s side. This process obeys the no-cloning theorem, which states
that an unknown quantum state cannot be copied perfectly [11].

Quantum teleportation is considered one of the most important building blocks for advanced quantum
technologies, such as:
1. Quantum communication networks
Quantum internet
Distributed quantum computing
Quantum cryptography
Quantum repeaters
Secure long-distance communication systems
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Overall Quantum Teleportation Process
The teleportation protocol mainly depends on three essential components:
1. Quantum entanglement
2. Bell state measurement (BSM)
3. Classical communication channel

The protocol generally involves two distant users, Alice and Bob. Alice possesses an unknown
quantum state that must be teleported to Bob. Initially, Alice and Bob share an entangled photon pair
and the flowchart, as shown below.

Alice performs a Bell state measurement on her photon and the unknown quantum state and then
sends the measurement result to Bob through a classical communication channel. The fundamental
components of quantum teleportation are shown in Table 1. Bob finally reconstructs the original
quantum state using an appropriate quantum operation [12].

Quantum Entanglement

Quantum entanglement is a central resource for quantum teleportation. It is a quantum mechanical
phenomenon in which two or more particles become strongly correlated such that the quantum state of
one particle cannot be described independently of the other particle, even when they are separated by
large distances. When two particles are entangled, measuring one particle immediately determines the
state of the other particle. This correlation exists regardless of the physical distance between particles.
Therefore, quantum entanglement provides a nonlocal connection between distant quantum systems.
Einstein famously described entanglement as “spooky action at a distance” because the behavior of
entangled particles cannot be explained using classical physics. In quantum teleportation, Alice and
Bob initially share an entangled photon pair [13]. One photon remains with Alice, whereas the other is
sent to Bob. This shared entanglement forms the quantum channel required for teleportation. The
unknown quantum state to be teleported can be represented as: [y)=al|0)+p|1). Where,

1. | 0)and | 1)are computational basis states.

2. Where aand fare the probability amplitudes.

3. lal?+1p12=1.

The entangled pair shared between Alice and Bob is generally represented by Bell states. The Bell
states used in quantum teleportation are shown in Table 2. These Bell states represent maximally
entangled quantum states used in quantum state teleportation using Bell state measurement and classical
communication, as shown in Figure 1.

‘ Unknown quantum state ’
9
‘ Alice ’
.4
‘ Bell-state measurement ’
.4
‘ Classical communication ’
9
Bob
.4
Quantum correction
. 4

Reconstructed quantum state

Figure 1. Quantum state teleportation using Bell state measurement and classical communication:
importance of quantum entanglement.
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Table 1. Fundamental components of quantum teleportation.

Component Description Function

Quantum entanglement |Correlated quantum states shared between particles |Creates a quantum link between Alice
and Bob

Bell state measurement |Joint measurement on two qubits Transfers quantum information

Classical communication |Conventional information transfer channel Sends measurement result to Bob

Quantum correction Quantum gate operation by Bob Reconstructs original quantum state

Table 2. Bell states used in quantum teleportation.

Bell state Quantum representation description
0 00) +
(O 00) -
P 01) +
b 01) -

Table 3. Bell state measurement outcomes and Bob’s operations.

Bell state outcome Bob’s operation Result

(o} Identity (I) Original state recovered
(0N Phase-flip (Z) Corrects phase error

W Bit-flip (X) Corrects bit error

- Bit-flip + Phase-flip (XZ) | Corrects both errors

Quantum entanglement is important because:

It creates a quantum communication channel

It enables nonlocal quantum correlations

It allows quantum state transfer without physical transmission

It forms the basis of quantum cryptography and quantum networks
It enables secure communication protocols

Nk W=

Without entanglement, quantum teleportation cannot occur.

Bell State Measurement

Bell state measurement is the most critical step in teleportation. In this stage, Alice performs a joint
quantum measurement on 1. The unknown quantum state is 2. Her entangled photon. The Bell state
measurement projects these two particles into one of the four Bell states. During this process, the
original unknown quantum state is destroyed at Alice’s location, ensuring that the quantum information
is not duplicated. The Bell state measurement transfers quantum information from Alice’s qubit to
Bob’s distant entangled photon through quantum correlations. The Bell state measurement outcome
determines which quantum operation Bob must apply to recover the original state. Bell state
measurement outcomes and Bob’s operations are shown in Table 3. The four possible Bell state
outcomes correspond to different correction operations [14].

These operations were performed using quantum logic gates. Integrated photonic systems perform
Bell state measurements using beam splitters, Interferometers, Waveguides, Phase shifters, and single-
photon detectors. Thin-film photonic circuits improve Bell state measurement efficiency because they
provide high phase stability, reduced optical losses, compact integration, and precise quantum
interference control.

Importance of Bell State Measurement
Bell state measurement is essential because it transfers quantum information, links the unknown qubit
with entanglement, determines the correction operation, enables teleportation fidelity, and destroys the
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original state to obey the laws of quantum mechanics. Without the Bell state measurement, teleportation
cannot be completed.

Classical Communication

Although quantum entanglement enables strong correlations between distant particles, quantum
teleportation still requires classical communication to complete the transfer. After performing the Bell
state measurement, Alice obtains a result corresponding to one of the four Bell states. This result must
be communicated to Bob through a conventional communication channel. Classical channels may
include optical fiber communication, wireless communication, electrical networks, and internet-based
communication systems. Typically, two classical bits are sufficient to encode the Bell state
measurement results. Bob receives this classical information and determines which quantum correction
operation should be applied to his photon. After applying the required quantum gate, Bob reconstructs
the original quantum state that Alice intends to teleport [15, 16].

Classical communication ensures that teleportation does not violate Einstein’s theory of relativity
because information cannot travel faster than light. Although entanglement correlations appear
instantaneous, the usable quantum information transfer depends on the classical communication speed.
The Role of Classical Communication in Teleportation, as shown in Table 4.

Complete Quantum Teleportation Workflow
Step 1: Shared entangled pair
Alice <« » Bob

Step 2: Bell state measurement
Unknown Qubit + Alice Photon

Step 3: Classical communication
Alice » Bob

Step 4: Quantum Correction
Bob applies a quantum gate.

Step 5: Original quantum state recovered.

Therefore, quantum teleportation represents a hybrid communication process that combines quantum
mechanics and classical information theory. Modern thin-film integrated photonic systems are making
teleportation increasingly practical by enabling compact, scalable, and highly stable quantum
communication architectures suitable for future quantum internet and distributed quantum computing
applications [17]. A comparison between classical communication and quantum teleportation is shown
in Table 5.

Table 4. Role of classical communication in teleportation.

Function Description

Measurement transfer Sends Bell state result to Bob

Quantum correction guidance | Determines required quantum gate

Relativity compliance Prevents faster than light communication
Synchronization Coordinates teleportation process
Error reduction Improves teleportation fidelity
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Table 5. Comparison between classical communication and quantum teleportation.

Feature

Classical communication

Quantum teleportation

Information unit

Classical bit

Quantum bit (qubit)

Security Limited Extremely secure
Information copying | Possible Forbidden
Use of entanglement | No Yes

State transfer Direct transmission Quantum reconstruction

Communication type | Classical only Quantum + Classical

THIN-FILM PHOTONIC PLATFORMS FOR QUANTUM TELEPORTATION

Integrated thin-film photonic platforms have emerged as promising technological foundations for
practical quantum teleportation and large-scale quantum communication systems. Unlike traditional
bulk optical setups, integrated photonic systems miniaturize quantum optical components on
semiconductor chips using advanced nanofabrication technologies. These platforms integrate
waveguides, interferometers, beam splitters, modulators, photon sources, and detectors into compact
architectures, enabling stable and scalable quantum information processing. Thin-film photonic systems
are particularly important for quantum teleportation because they provide precise control over photon
propagation, quantum interference, entanglement generation, and quantum state manipulation [18]. By
integrating these functionalities on-chip, thin-film platforms reduce optical losses, improve
environmental stability, minimize the device size, and enhance scalability. These characteristics are
essential for realizing practical quantum communication networks, distributed quantum computing
systems, and future quantum internet infrastructure. Recent developments in nanophotonics,
semiconductor fabrication, and quantum materials have significantly improved the performance of
integrated quantum photonic circuits (QPCs). Among the various platforms investigated for quantum
teleportation, silicon photonics, TFLN, silicon nitride, and hybrid photonic systems are considered the
most promising owing to their excellent optical and fabrication properties [19].

Silicon Photonics

Silicon photonics is one of the most advanced and commercially mature integrated photonic
technologies used in modern quantum communication. Silicon photonic systems utilize CMOS-
compatible fabrication processes to manufacture optical components on silicon wafers. Because these
fabrication methods are already widely used in the semiconductor electronics industry, silicon photonics
benefits from highly developed manufacturing infrastructure, scalability, and cost efficiency. In silicon
photonic platforms, light is guided through nanoscale silicon waveguides fabricated on silicon-on-
insulator (SOI) substrates. These waveguides confine photons within extremely small dimensions,
allowing for strong optical interactions and compact device integration. Silicon photonics supports the
integration of numerous quantum optical components on a single chip, including optical waveguides,
beam splitters, phase shifters, ring resonators, Mach—Zehnder interferometers, electro-optic modulators,
single-photon detectors, and entangled photon sources [20].

One of the most important advantages of silicon photonics is its compatibility with
telecommunications wavelengths of approximately 1.3 pm and 1.55 pm. These wavelengths correspond
to the low-loss transmission windows used in modern fiber-optic communication systems, making
silicon photonics highly suitable for long-distance quantum communication and teleportation through
the existing optical fiber infrastructure. Silicon photonic systems also support SFWM, a nonlinear
optical process widely used to generate correlated and entangled photon pairs directly on-chip. In
SFWM, two pump photons interact within a nonlinear silicon waveguide to generate signal and idler
photon pairs that exhibit quantum correlations. These entangled photons serve as quantum resources
required for teleportation protocols. Another major advantage of silicon photonics is its extremely high
integration density. Thousands of optical components can be integrated onto a single chip, enabling
large-scale quantum circuits with a reduced footprint and improved stability. Compared to bulk optical
systems, silicon photonic chips are significantly smaller, less sensitive to vibrations, and more energy
efficient [21].
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Silicon photonics has enabled several important milestones in quantum teleportation studies.
Researchers have successfully demonstrated on-chip entangled photon generation, Integrated Bell state
measurements, quantum interference circuits, chip-to-chip quantum teleportation, integrated quantum
logic gates, and programmable quantum photonic processors. These achievements demonstrate the
feasibility of scalable, integrated quantum communication systems based on silicon photonic
technology. Despite its advantages, silicon photonics has certain limitations. Silicon lacks a strong
intrinsic electro-optic effect, making high-speed optical modulation more challenging than in other
materials, such as lithium niobate. In addition, silicon waveguides can suffer from nonlinear absorption
and thermal effects, which may reduce quantum coherence and teleportation fidelity. Nevertheless,
continuous advances in device engineering and hybrid integration have addressed many of these
challenges.

Thin-Film Lithium Niobate

TFLN has recently emerged as a powerful and versatile platform for integrated quantum photonics
and quantum teleportation applications. Lithium niobate is a well-known optical material widely used
in telecommunications and nonlinear optics because of its exceptional electro-optic, piezoelectric, and
nonlinear optical properties. Traditional bulk lithium niobate devices are relatively large and difficult
to integrate into compact photonic circuits. However, recent advancements in thin-film fabrication
techniques have enabled the development of TFLN platforms with nanoscale optical confinement and
significantly improved integration capabilities.

TFLN devices consist of thin lithium niobate layers bonded onto insulating substrates, enabling the
fabrication of compact waveguides and integrated photonic circuits with extremely low optical
propagation losses. The strong optical confinement in TFLN waveguides enhances light—matter
interactions and improves device performance in quantum photonic applications. One of the most
important advantages of TFLN is its strong electro-optic effect. This property allows the rapid and
efficient modulation of optical signals using external electric fields. High-speed electro-optic
modulation is particularly important in quantum communication systems because it enables dynamic
control of quantum states, phase stabilization, and quantum interference. TFLN also exhibits very high
second-order nonlinear optical coefficients, making it highly efficient for nonlinear quantum optical
processes such as SPDC. In SPDC, a high-energy pump photon is converted into two lower-energy
entangled photons within a nonlinear crystal or waveguide. These entangled photon pairs form the basis
of quantum teleportation and quantum cryptography protocols. Compared to silicon photonics, TFLN
offers several additional advantages: lower optical propagation losses, stronger nonlinear optical
interactions, faster electro-optic modulation, improved quantum coherence, and higher entangled
photon generation efficiency. TFLN platforms have demonstrated high-fidelity entangled photon
generation, integrated quantum frequency conversion, electro-optic quantum state manipulation,
programmable QPCs, and quantum interference and teleportation operations [22].

These capabilities make TFLN highly attractive for future large-scale quantum communication
networks and photonic quantum computing systems. In addition, TFLN devices operate efficiently at
telecommunication wavelengths, allowing compatibility with the existing optical fiber infrastructure.
Their compact size, high-speed performance, and low energy consumption render them suitable for
practical quantum networking applications. However, the fabrication of TFLN devices can be more
complex and expensive than that of conventional silicon photonics because of the challenges associated
with thin-film bonding, etching, and nanoscale patterning. Nevertheless, rapid improvements in
nanofabrication technologies are steadily enhancing the manufacturability and scalability of TFLN
systems [23].

Silicon Nitride and Hybrid Platforms
Silicon nitride (SizNa4) photonics has become an important platform for integrated quantum photonic

© STM Journals 2026. All Rights Reserved 8



Journal of Thin Films, Coating Science Technology and Application
Volume 13, Issue 2
ISSN: 2455-3344

systems. Silicon nitride waveguides provide exceptionally low optical propagation losses and broad
optical transparency over a wide wavelength range. These characteristics are highly beneficial for
quantum communication applications, where preserving photon coherence and minimizing signal
attenuation are critical. Compared to silicon waveguides, silicon nitride exhibits lower nonlinear
absorption and reduced thermal sensitivity. This enables more stable quantum interference and
improved fidelity in teleportation experiments to be achieved. Silicon nitride waveguides also support
tight optical confinement while maintaining low scattering losses, making them ideal for long-distance
on-chip photon routing applications. Silicon nitride platforms are commonly used for low-loss optical
waveguides, integrated interferometers, quantum frequency comb generation, photon routing networks,
and high-quality optical resonators. One major advantage of silicon nitride is its ability to support ultra-
low-loss photonic circuits with propagation losses that are significantly lower than those of many silicon
photonic devices. This property is particularly important in quantum teleportation systems because
photon loss directly reduces teleportation fidelity and quantum communication efficiency. Although
silicon nitride offers excellent passive optical performance, it lacks strong electro-optic and nonlinear
optical properties. Consequently, researchers have increasingly employed hybrid photonic integration
approaches that combine multiple material systems on a single chip. Hybrid photonic platforms
integrate different materials to simultaneously optimize various quantum functionalities. For example,
silicon may be used for compact waveguide integration, lithium niobate may provide high-speed
electro-optic modulation, silicon nitride may minimize propagation losses, I[[I-V semiconductors may
serve as integrated laser sources, and superconducting materials may enable single-photon detection.
Therefore, hybrid integration combines the strengths of multiple photonic materials while minimizing
their individual limitations. Hybrid quantum photonic systems have demonstrated several important
capabilities, including efficient entangled photon generation, high-speed quantum modulation,
integrated single-photon detection, quantum state routing and processing, and scalable quantum logic
operations. These integrated systems are considered highly promising for future fault-tolerant quantum
communication and distributed quantum computing architectures [24]. The fundamentals of quantum
teleportation, integrated silicon photonics, and the TFLN platform are shown in Figure 2.

Furthermore, hybrid platforms allow the integration of quantum photonic devices with classical
electronic control circuits, thereby enabling the development of compact and fully integrated quantum
communication modules. Such integration is expected to accelerate the commercialization of quantum
technologies and facilitate the realization of scalable quantum internet infrastructure. Overall, silicon
photonics, TFLN, silicon nitride, and hybrid-integrated photonic systems collectively represent the most
important technological platforms for practical quantum teleportation. Their continuous advancement
is driving the transition from laboratory-scale quantum experiments to real-world quantum
communication networks and scalable quantum information processing systems [25, 26].

This figure illustrates the fundamental process of quantum teleportation using integrated silicon
photonics and TFLN platforms. The diagram shows how an unknown quantum state is transferred from
Alice (the sender) to Bob (the receiver) through entangled photon pairs, Bell state measurements, and
classical communication channels. Integrated photonic components, such as silicon waveguides, beam
splitters, electro-optic modulators, interferometers, and superconducting single-photon detectors
(SNSPDs), are incorporated to perform quantum state manipulation, measurement, and reconstruction
on-chip. The figure highlights the role of thin-film photonic technologies in enabling compact, scalable,
and high-speed quantum communication systems for future quantum internet and distributed quantum
computing applications.

FABRICATION TECHNIQUES FOR THIN-FILM QUANTUM PHOTONIC DEVICES

Fabrication technologies play a critical role in the development of thin-film quantum photonic
devices for quantum teleportation, quantum communication, and integrated quantum computing
systems. The performance of QPCs strongly depends on the material quality, nanoscale precision,
optical confinement, propagation losses, and device uniformity.
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Because quantum states are extremely sensitive to environmental disturbances and structural
imperfections, advanced fabrication techniques are essential for achieving high-fidelity quantum
operations. Thin-film quantum photonic devices require the integration of multiple optical components,
such as waveguides, interferometers, resonators, photon sources, modulators, and detectors, onto
compact semiconductor platforms. To achieve this integration, researchers have employed sophisticated
nanofabrication methods capable of controlling material deposition, crystal growth, nanoscale
patterning, and heterogeneous material integration with atomic scale precision. Modern fabrication
technologies enable the realization of highly compact and scalable photonic chips with low optical
losses, strong quantum coherence, and compatibility with large-scale semiconductor manufacturing
processes. Among the most important fabrication methods used in thin-film quantum photonics are
chemical vapor deposition (CVD), molecular beam epitaxy (MBE), lithographic patterning, and hybrid
integration techniques.

Chemical Vapor Deposition

CVD is one of the most widely used fabrication techniques for producing high-quality thin films in
integrated photonic and quantum devices. In this process, gaseous precursor chemicals react or
decompose on a heated substrate surface to form thin solid films with highly controlled thicknesses,
compositions, and optical properties. CVD is particularly important in quantum photonics because it
enables the deposition of ultra-uniform optical materials with excellent refractive index control and low
defect densities. These properties are essential for maintaining photon coherence and minimizing
optical propagation losses in QPCs.

During CVD, precursor gases are introduced into a reaction chamber containing a substrate, such as
silicon, sapphire, or silicon dioxide. At elevated temperatures, chemical reactions occur near the
substrate surface, causing atoms or molecules to be deposited as thin solid films. Process parameters,
such as temperature, gas flow rate, pressure, and reaction time, can be precisely controlled to optimize
the film quality. Several variants of CVD are commonly used in photonic device fabrication, including
plasma-enhanced chemical vapor deposition (PECVD), low-pressure chemical vapor deposition
(LPCVD), metal-organic chemical vapor deposition (MOCVD), and atomic layer deposition (ALD).
These techniques are used to fabricate thin films of materials such as silicon nitride, silicon dioxide,
Graphene, Gallium arsenide, indium phosphide, transition metal dichalcogenides, and dielectric
cladding layers. In quantum photonic systems, CVD-grown thin films are extensively used to fabricate
low-loss optical waveguides and integrated photonic circuits. Silicon nitride waveguides fabricated
using LPCVD, for example, exhibit extremely low propagation losses and are widely used in quantum
communication applications. CVD also enables the deposition of nonlinear optical materials used for
entangled photon generation and quantum frequency conversion. Precise thickness control is
particularly important because nanoscale variations can significantly affect optical confinement, phase
matching, and quantum interference.

The advantages of CVD in quantum photonics include high film uniformity, excellent thickness
control, large-area wafer processing, high material purity, low optical scattering losses, and
compatibility with semiconductor manufacturing. However, CVD processes may involve high
temperatures and complex precursor chemistry, which can introduce stress, contamination, or defects
if not carefully controlled. Fabrication techniques for thin-film quantum photonic devices: Advanced
Nanofabrication Methods for Scalable Integrated Quantum Photonics, as shown in Figure 3.
Nevertheless, continuous improvements in deposition technology have made CVD one of the most
important fabrication tools in integrated quantum photonics [27].

This figure illustrates the major fabrication techniques used in the manufacturing of thin-film
quantum photonic devices, particularly for integrated quantum communication and quantum
teleportation systems.
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The diagram highlights key nanofabrication methods, including CVD, MBE, lithographic patterning,
and hybrid integration, which enable the precise fabrication of low-loss and high-coherence photonic
structures. Special emphasis is given to the CVD process, which involves precursor gas deposition,
thin-film formation, material growth, process parameters, and applications in waveguides, modulators,
interferometers, and QPCs. The figure also demonstrates how advanced fabrication technologies
improve nanoscale precision, optical confinement, scalability, and CMOS compatibility, making them
essential for next-generation integrated quantum photonic platforms.

Molecular Beam Epitaxy

MBE is an advanced thin-film growth technique used to fabricate ultra-high-quality crystalline
materials with atomic layer precision. MBE is considered one of the most precise material synthesis
methods available for semiconductor and quantum device fabrication. In MBE, highly purified atomic
or molecular beams are directed onto a heated crystalline substrate inside an ultra-high vacuum
chamber. The atoms are slowly deposited layer by layer onto the substrate surface, forming highly
ordered crystalline structures with an extremely low defect density. The ultra-high vacuum environment
minimizes contamination and enables precise control over the film composition, doping concentration,
and layer thickness at the atomic scale. This level of precision is essential for fabricating quantum
photonic devices, where even minor structural imperfections can degrade quantum coherence and
photon interactions [28].

MBE is widely used for growing compound semiconductor materials such as:
Gallium arsenide (GaAs)

Indium phosphide (InP)

Aluminum gallium arsenide (AlGaAs)

Quantum wells

Quantum dots

Superlattice structures

AN e

These materials are important for integrated quantum light sources, single-photon emitters, and
nonlinear optical devices used in quantum teleportation. One of the major advantages of MBE is its
ability to engineer highly controlled heterostructures and quantum-confined systems. By carefully
controlling the thickness and composition of the individual layers, researchers can create quantum wells
and quantum dots with tailored electronic and optical properties. MBE-grown materials are particularly
useful for:

1. Single-photon sources
Quantum dot emitters
Integrated lasers
Quantum detectors
Nonlinear optical devices
Quantum communication chips

SANRANP RN

In integrated quantum photonics, MBE enables the fabrication of highly efficient entangled photon
sources and quantum emitters with excellent optical performance. Despite its exceptional precision,
MBE is relatively slow and expensive compared to conventional semiconductor fabrication methods.
The equipment requires ultra-high vacuum systems and highly controlled operating conditions, which
limits its large-scale manufacturing capability. Nevertheless, MBE remains one of the most important
techniques for research-grade quantum materials and high-performance quantum photonic devices [29].

Lithographic Patterning

Lithographic patterning is a fundamental fabrication process used to define nanoscale optical
structures on thin-film photonic chips. This enables the precise creation of waveguides, interferometers,
resonators, and other photonic components required for quantum teleportation systems. In lithography,
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a light-sensitive material called a photoresist is deposited onto a substrate surface. A pattern is then
transferred onto the photoresist using radiation, such as electron beams, ultraviolet light, or X-rays.
After exposure and development, the patterned regions are selectively etched to create nanoscale
photonic structures. Several lithographic techniques are widely used in quantum photonics fabrication.

1. Electron beam lithography (EBL)

2. Deep-ultraviolet lithography (DUV)

3. Nanoimprint lithography

4. Focused ion beam lithography

Electron beam lithography is particularly important for research-scale quantum photonic devices
because they provide an extremely high resolution, often below 10 nanometers. EBL directly writes
nanoscale patterns onto the substrate using a focused electron beam, enabling the fabrication of highly
precise quantum photonic structures. Deep-ultraviolet lithography is commonly used for large-scale
industrial fabrication because it offers high throughput and excellent pattern reproducibility.
Lithographic patterning is used to fabricate various integrated photonic components, including optical
waveguides, ring resonators, Mach—Zehnder interferometers, beam splitters, grating couplers, photonic
crystals, microcavities, and quantum interference circuits. Waveguides guide photons through photonic
chips with minimal loss. Ring resonators enhance light—matter interactions and nonlinear optical effects.
Interferometers perform quantum interference and Bell state measurements necessary for teleportation
protocols. Photonic crystals fabricated through lithography can manipulate photon propagation by
controlling the photonic band structure, thereby enabling strong confinement and enhanced quantum
interactions [30]. The quality of lithographic fabrication directly affects:

1. Optical propagation losses
Quantum interference visibility
Teleportation fidelity
Device scalability
Phase stability

kv

Even nanoscale fabrication imperfections can introduce scattering losses and decoherence effects that
degrade the performance of quantum systems. Therefore, advanced lithographic precision is essential
for the development of high-performance QPCs.

Hybrid Integration

Hybrid integration is an advanced fabrication approach in which multiple photonic materials and
device technologies are combined on a single integrated quantum photonic platform. Because no single
material system possesses all the properties required for ideal quantum photonic operation, hybrid
integration enables researchers to combine the advantages of different materials while minimizing their
limitations [31].

For example:

Silicon provides compact waveguide integration

Lithium niobate offers strong electro-optic modulation
Silicon nitride enables ultra-low-loss propagation

III-V semiconductors provide laser emission
Superconducting materials support single-photon detection

MRS

Therefore, hybrid integration enables multifunctional quantum photonic chips capable of performing
complex quantum operations within a compact architecture. Several hybrid integration techniques are
commonly used, including

1. Wafer bonding

2. Flip-chip bonding
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W

Heterogeneous integration
Monolithic integration
5. Transfer printing

>

These methods allow optical components fabricated from different materials to be interconnected
with nanoscale precision. Hybrid integration plays a major role in quantum teleportation systems
because it allows the integration of entangled photon sources, quantum modulators, single-photon
detectors, optical amplifiers, quantum memory interfaces, and classical electronic control circuits on a
unified platform. Integrated SNSPDs are often hybrid-integrated with silicon photonic circuits to
achieve highly efficient quantum photon detection. Hybrid integration significantly improves device
functionality, system scalability, quantum operation speed, integration density, energy efficiency, and
quantum state control. This approach is essential for future large-scale quantum communication
networks and fault-tolerant quantum computing systems [32]. However, hybrid integration also
introduces fabrication challenges, such as thermal mismatch, material compatibility, interface losses,
and alignment precision. Therefore, considerable research has focused on improving heterogeneous
fabrication methods and minimizing interconnection losses.

Overall, advanced fabrication techniques, such as CVD, MBE, lithographic patterning, and hybrid
integration, form the technological foundation of modern thin-film quantum photonic systems. These
fabrication methods enable the transition from laboratory-scale experiments to scalable,
manufacturable, and commercially viable quantum teleportation and quantum communication
technologies [33, 34].

Advantages of Thin-Film Photonic Quantum Teleportation
Thin-film photonic systems provide several important advantages, as shown in Table 6. These
features are critical for future quantum internet infrastructure [35].

Future Prospects

Future quantum teleportation systems will likely involve quantum repeaters, distributed quantum
processors, quantum internet infrastructure, satellite-assisted quantum communication, and Al-assisted
photonic optimization. Thin-film photonic platforms are expected to dominate because of their
scalability and semiconductor compatibility. Recent CMOS-compatible quantum photonic chips that
integrate photon generation and control circuits indicate that large-scale manufacturable quantum
hardware may become commercially feasible in the near future. Scalable thin-film photonic
architectures for quantum internet and distributed quantum computing: future quantum teleportation
systems as shown in Figure 4. This figure illustrates the future evolution of quantum teleportation
systems based on integrated thin-film photonic technologies. The diagram highlights key components,
including quantum repeaters for long-distance communication, distributed quantum processors for
interconnected quantum computing, quantum internet infrastructure for secure global networking,
satellite-assisted quantum communication for worldwide coverage, and Al-assisted photonic
optimization for intelligent device control and performance enhancement.

Table 6. Important advantages of thin-film photonic systems.
Feature Benefit
Miniaturization Compact quantum devices
Scalability Large-scale integration
Stability Reduced environmental sensitivity
CMOS compatibility Mass manufacturability
Low power consumption Energy-efficient operation
Telecom compatibility Existing fiber network integration
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The image also demonstrates how CMOS-compatible silicon photonics and TFLN platforms enable
scalable, low-loss, and manufacturable quantum photonic chips that integrate photon sources,
modulators, interferometers, and detectors on a single chip. Overall, the figure emphasizes the role of
integrated photonics in realizing large-scale quantum networks, practical quantum internet systems, and
commercially viable quantum communication hardware.

CONCLUSION

Quantum teleportation has evolved from a theoretical concept into an experimentally demonstrated
technology with major implications for secure communication and distributed quantum computing
applications. Thin-film photonic systems provide a practical route toward scalable, integrated, and
manufacturable quantum teleportation devices. Advances in silicon photonics, TFLN, and integrated
nanophotonics have enabled chip-scale entangled photon generation, integrated interferometers, and
long-distance quantum state transfer. Recent demonstrations of chip-to-chip teleportation and teleported
quantum logic gates highlight the rapid progress toward practical quantum networking systems.
Although challenges related to losses, decoherence, and large-scale integration remain, thin-film
integrated photonics is positioned to become a foundational technology for future quantum internet and
quantum computing infrastructures.
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