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Abstract:

This literature review discusses tunable topological edge states in 2D photonic crystals and their use in quantum photonic technology. The review
was conducted according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, with a thorough
search of databases including Scopus, Web of Science, IEEE Xplore, and SpringerLink. One thousand records were found, and on screening and
evaluation, 60 studies were included in the review. The research primarily focused on tuning edge states in quantum systems. There was
significant advancement in tuning devices, including electro-optic modulation, thermo-optic modulation, strain engineering, and phase-change
materials (e.g., GST, VO2). Several material platforms, such as silicon photonics and III-V semiconductors, were identified as key to delivering
such tunable systems. Scalable quantum technologies, with their strength, reconfigurability, and incorporation of synthetic QED and tunable
topological edge states in quantum information systems, were found relevant in 52 of 60 sampled articles. One significant gap in the literature
was the lack of a synthesis of these tuning techniques in quantum photonics. The review identified opportunities and issues in incorporating such
technologies into quantum systems and hoped that nanofabrication, quantum optics, and materials science scientists would collaborate across
disciplines. The results showed that quantum technologies had significant potential for improvement, though more research was required to
overcome current challenges, including scalability, integration, and loss reduction.

Keywords: Tunable topological photonics, two-dimensional photonic crystals, edge states, quantum photonics, systematic

literature review, photonic integration, non-hermitian systems.
1. INTRODUCTION Dynamic control over topological edge states after
fabrication is an important property that can significantly
impact the operation of quantum photonic systems [4].
Although topological edge states are intrinsically robust, they
often require tuning to meet the requirements of specific

Topological photonics is a field that has seen enormous
growth in the last decade due to its capability to provide loss-
immune, robust light management in optical circuits [1].

Topological photonic crystals are motivated by the topological
insulators of condensed matter physics, and they are engineered
to act in the same way, using the edge states, which are disorder-
immune to remain especially stable to disorder, defects, or other
perturbations to the material to create efficient, stable pathways
of light. This peculiarity makes topological photonics
particularly interesting for a range of applications, including
quantum information systems, optical communications, and
sensor networks [2]. Topological edge states embedded in
photonic crystals make them more practical, as they ensure light
travels without reflection or loss, even in complex or incomplete
systems. Such properties make topological photonics a critical
technology on the path to lossless light transport in the next-
generation quantum computing and communication systems

[3].

quantum systems, e.g., quantum gates, memory devices, or
interferometers. It is particularly critical when using quantum
information technologies because precise control over the
characteristics of light, e.g., frequency, polarisation, or phase, is
a crucial aspect of producing entanglement or correcting errors
[5]. Using photonic crystals, these edge states can be modulated
in a versatile way via electro-optic, thermo-optic, and/or
mechanical tunability, without altering the core structure [6].
Such flexibility is essential for applying adaptive quantum
systems that can respond to changing environments or
reconfiguration requirements, thereby increasing the scalability
and stability of large-scale quantum photonic networks.

Despite a considerable amount of literature on topological
photonics, existing reviews address this field at a high level of
generality: they discuss theoretical models and material
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platforms without providing an in-depth discussion of the
tunability of these systems, especially as it pertains to quantum
photonic applications [7]. There have been no critical reviews
of the topic, creating a research gap given the increasing
attention to tunable 2D photonic crystals. Tunable 2D photonic
crystals, with their specific geometric characteristics and
tunability factors, are regarded as having excellent applicability
in advanced quantum techniques [8]. Nevertheless, current
reviews have not fully addressed how these systems are shown
to be invested with new possibilities and challenges when
tunability mechanisms are introduced [9]. This disparity stems
from a lack of deep coherence regarding how post-fabrication
manipulation of topological edge states can be achieved and
implemented in the context of quantum technologies.

This systematic literature review (SLR) will focus on the
purpose of the study, which is to find the emerging trends,
challenges, and opportunities that have recently arisen in the
area of tunable topological edge states on 2D photonic crystals
to use in the field of quantum applications, covering the same
period, 2015 to 2025. Through a literature review, we will
present a comprehensive overview of the state of the art in this
fast-growing niche. In particular, the review will focus on
identifying different tunings for manipulating topological edge
states and on the modifications or applications made in the
context of quantum photonic systems. By doing so, it will not
only highlight the successes and loopholes of the current
research but also identify untapped areas and possible ways to
overcome these gaps in the research field. The research
questions are: What tuning mechanisms have been implemented
for topological edge states in 2D photonic crystals? How have
these been applied or proposed for quantum photonic systems?
What are the limitations and open problems? It is through
answering these research questions that the review will come to
understand fully the current state of the field, the limitations
currently posed upon it that should be overcome, and a direction
forward for further research and development of tunable
topological photonics to support quantum technologies.

There are many debates and competing schools of thought
that remain unsolved in the field of tunable topological edge
states in two-dimensional photonic crystals as quantum
applications [10]. Although the dominant tuning mechanisms
are electro-optic and thermo-optic, the trade-offs among speed,
efficiency, and scalability remain controversial. Electrical
tuning has good response times but suffers from optical loss and
decoherence, which are concerns for massive quantum systems.
The use of an external electric field to alter a material's
characteristics is called electrical tuning. Electro-optic tuning,
in contrast, uses materials thatwhose optical properties change
in response to an electric field, usually via the Pockels effect.
Carrier-based tuning is the control of a material's optical
properties by manipulating its electronic density, usually with
electrostatic fields. The use of an external electric field to alter
a material's characteristics is called electrical tuning. Electro-
optic tuning, in contrast, uses materials whose optical properties
change in response to an electric field, typically via the Pockels
effect. Carrier-based tuning is the control of a material's optical
properties by manipulating its electronic density, usually with

electrostatic fields. Mechanical and phase-change materials, on
the other hand, are stable, non-volatile, tunable, but slower in
response, hindering their application in fast quantum processes.
Hybrid solutions combining these mechanisms are attracting
increased attention as a means of optimising performance.
However, integrating these systems is difficult in terms of
achieving efficiency, stability, and power consumption. These
trade-offs will continue to be explored in the field as quantum
photonics reaches maturity.

2. METHODOLOGY

The current systematic literature review (SLR) is organized
according to the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) framework, which has
been widely used in other areas of science, including the
photonics literature. This procedure renders the review
reproducible and transparent, and practised rigorously. The
PRISMA checklist in this work is tailored to the field of interest
identified in the literature on tunable topological edge states in
a two-dimensional quantum photonic crystal. The following
section outlines the methods used to complete this review,
including search strategy, inclusion/exclusion criteria, data
extraction process, and quality assessment strategies.

2.1. Framework: PRISMA-Based Approach Adapted for
Photonics Literature

Many PRISMA principles, initially designed to enhance the
quality and transparency of systematic reviews in healthcare
and clinical research, have been successfully applied to other
scientific spheres, such as engineering and physics. This review
is based on the PRISMA founding principles, though it has
focused on specific criteria relevant to the photonics discipline.
This is done in the following order: identification of the relevant
studies, followed by a thorough screening and selection of
studies that fit the selection criteria (inclusion criteria) and
exclusion criteria. After that, an extensive data extraction plan
will be undertaken to record each study's main details
(indicators), ensuring only the most pertinent and top-rated
studies are used in the review.

2.2. Database Search

In this review, the databases used are Scopus, Web of
Science, IEEE Xplore, and SpringerLink.

A comprehensive search was conducted across Scopus, Web
of Science, IEEE Xplore, and SpringerLink for peer-reviewed
articles. Manual deduplication was performed to remove
duplicate studies. The databases in Table 1 were selected for
their coverage of the largest number of peer-reviewed journals
and conference papers in physics, engineering, and materials,
most of which are related to topological photonics research.
Scopus and Web of Science are considered the most significant
indicators of multidisciplinary article citation, as they provide
access to high-quality articles published in peer-reviewed
journals. Memorably, IEEE Xplore specifically supports a rich
set of research on photonics, semiconductor materials, and
quantum technologies. SpringerLink has books and journal
articles that present excellent sources of information on current
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developments in the fields of photonic materials and quantum
applications.

2.3. Search Strings

Databases were searched using specific search strings to
ensure a comprehensive and critical search. The main search
term applied to all databases was: ''tunable" AND
"topological edge states'" AND "photonic crystals" AND
"quantum". This was the search statement, targeted to identify
studies of tunable edge states in photonic crystal systems, with
a focus on quantum exploitation. The specificity introduced by
the keyword quantum ensures that studies discussing the
combination of topology, photonics, and quantum technologies
are included. The term tunable suggests a range of research into
the dynamic control of edge states, and the terms topological
edge states and photonic crystals limit the range to the
incomprehensible space of topological photonics. In Scopus and
Web of Science (WoS), Boolean operators such as AND and
OR were used to combine terms, ensuring the inclusion of the
required studies across various fields. Search was further
narrowed with filters for publication date range (e.g., 2010-
2025), document type (e.g., articles, conference papers), and
language (English). Also, field tags such as TITLE-ABS-KEY
in Scopus and TI, AB, KW in WoS were used to limit the search
to titles, abstracts, and keywords, to be very specific in
retrieving studies directly relevant to tunable topological edge
states in photonic crystals in quantum-related contexts.
Inclusion Criteria

Various factors anchor the systematic review's inclusion
criteria to ensure the selected studies are relevant and high-
quality. The search was restricted to peer-reviewed journal and
conference papers, ensuring that the research is academically
exemplary. Also, the papers must be in English to ensure
consistent interpretation and analysis. To reflect the current
breakthroughs in the area, the publication date range was
restricted to 2015-2025.

The inclusion criteria for the paper were that the studies
specifically addressed two-dimensional photonic crystals. Such
a restriction was applied owing to the unique properties of two-

Table 1. Database search and search strings.

dimensional photonic crystals, which enable the precise fine-
tuning of topological edge states, a feature paramount for
quantum applications. The work also needs to emphasise the
tunability of these edge states, whether via material properties,
external fields (e.g., electric, magnetic, or optical), or
mechanical strain. This ensures that only relevant research on
the dynamic control of topological edge states is considered.
The screening process involved single screening of titles and
abstracts by one reviewer, followed by double screening of full
texts by two independent reviewers. A third reviewer resolved
disagreements.

Table 2 summarizes the search strings, Boolean operators,
filters, and field tags applied in Scopus, Web of Science, and
IEEE Xplore to retrieve relevant studies.

2.4. Inclusion Criteria

Various factors anchor the systematic review's inclusion
criteria to ensure the selected studies are relevant and high-
quality. The search was restricted to peer-reviewed journal and
conference papers, ensuring that the research is academically
exemplary. Also, the papers must be in English to ensure
consistent interpretation and analysis. To reflect the current
breakthroughs in the area, the publication date range was
restricted to 2015-2025.

The inclusion criteria for the paper were that the studies
specifically addressed two-dimensional photonic crystals. Such
a restriction was applied owing to the unique properties of two-
dimensional photonic crystals, which enable the precise fine-
tuning of topological edge states, a feature paramount for
quantum applications. The work also needs to emphasise the
tunability of these edge states, whether via material properties,
external fields (e.g., electric, magnetic, or optical), or
mechanical strain. This ensures that only relevant research on
the dynamic control of topological edge states is considered.
The screening process involved single screening of titles and
abstracts by one reviewer, followed by double screening of full
texts by two independent reviewers. A third reviewer resolved
disagreements.

Database Description
S Scopus is a multidisciplinary database that includes peer-reviewed journals, conference papers, and patents. It offers broad coverage of
copus Lo . . .
P engineering, physics, and materials science.
Web of Web of Science provides comprehensive coverage of peer-reviewed scientific literature in various domains, including physics,
Science engineering, and materials science.
IEEE Xol IEEE Xplore is a digital library of research articles, conference proceedings, and standards, with a focus on engineering, electronics, and
ore .
P quantum technologies.
Spri Link SpringerLink provides access to journals, books, and conference proceedings in science, technology, and engineering, with a focus on
ringerLin . .
pring photonics and quantum technologies.
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Table 2. Search strategy for databases used in systematic review.

. Boolean . .
Database Search String Filters Field Tags
Operators
S "tunable" AND "topological edge states" AND Publication Date Range: 2010-2025Document Type: TITLE-ABS-
copus AND "photonic crystals" AND "quantum" Articles, Conference PapersLanguage: English KEY
Web of "tunable" AND "topological edge states" AND Publication Date Range: 2010-2025Document Type: TL AB. KW
Science (WoS) | AND "photonic crystals" AND "quantum" Articles, Conference PapersLanguage: English T
"tunable" AND "topological edge states" Publication Date Range: 2010-2025Document Type: Title, Abstract,
IEEE Xplore . AND . .
AND "photonic crystals" AND "quantum" Articles, Conference PapersLanguage: English Keywords

2.5. Exclusion Criteria

Papers that failed to satisfy the above inclusion criteria were
omitted from the review. This includes research on the one-
dimensional (1D) or three-dimensional (3D) photonic crystals
since this field of research focuses specifically on a two-
dimensional (2D) photonic structure, which has very different
uses in the control of light propagation at the edge. Studies
exclusively about theory without experimental demonstration
were locked out of the review since any application of tunable
topological edge states in quantum photonics cannot be done
without experimental demonstration and material integration.
The fact that only the purely theoretical works are excluded
implies that only the studies that have a practical significance
for quantum systems are included. This choice is consistent with
the topological photonics nature, which requires theoretical
models to be proved by the data to be practically applicable in
quantum technologies. The fact is that without the theoretical
and experimental information, the main aim of this review is the
analysis of the feasibility of introducing the tunable topological
edge states in the quantum photonic systems.

2.6. Data Extraction

The process of data extraction involved arrangements to
ensure that all relevant data were enlisted by carrying out an in-
depth analysis of every data point. The results of the data in both
studies were as follows:

1. Study Type: The study type was either theoretical,
experimental, or review. The significance of the
experimental research was that it had a practical impact on
tunable edge states of photonic crystals.

2. Tuning Method: The physical manner in which the
topological edge states have been tuned, be it electrical,
thermal, strain, or material phase changes. The tuning
mechanisms are most viable in this field, and this can be
determined through this division.

3. Material System: The material constituent of the photonic
crystal, such as silicon, III-V semiconductor, graphene, or
phase-change material. The substance platform is crucial to
the comprehension of the provision and embedding of

flexibility of edge states into quantum systems.

4. Operational Wavelength: The range of operational
wavelengths of the photonic crystal will determine how
much quantum technology the crystal can be applied to,
including quantum communications or quantum computing
networks.

5. Quantum Applicability: The applicability to quantum
photonics can also be determined by whether the research
is directly scrutinised for quantum applications such as
quantum gates, quantum memory, and quantum entangled

generation.

2.7. Quality Assessment

The number of quality studies was determined by various
criteria of quality assessment. Such requirements are:

Reproducibility: This is how well the study is adequately
described in terms of experimental set-ups and procedures that
allow one to maintain the findings and reproduce them by other
researchers in the field.

1. Experimental Validation: Experimental information can
be used to substantiate the arguments of tunability in
topological edge states. Experimental works were given
priority since they provide evidence of the modelling of the
practicality and feasibility of tunable photonic crystals in
the real world.

2. Citation Strength: The strength of the citation of the
particular articles was taken into account, and well-cited
articles were chosen as they are assumed to have had a
copious impact on the field.

3. Conflict Resolution: A third reviewer resolved any
conflict, and it was ensured that no one gave a biased
decision.

4. Established Scale: The established scales
evaluation of the quality of a study based on established
scales like the PRISMA checklist or GRADE framework.

5. Scoring Criteria: Use scoring criteria such as study
design, sample size, and methodological rigour to
determine the reliability of the findings.

arc an
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6. Synthesis of Quality Patterns: Synthesize quality

patterns: Categorize synthesize studies according to their
methodological limitations and strengths.

In this systematic review, the quality of the studies was rated
using the GRADE framework. All studies were evaluated based
on five important areas of assessment, which include risk of
bias, inconsistency, indirectness, imprecision, and publication
bias. The performance of the studies in these domains was used
to rank them as High, Moderate, or Low. This will guarantee
that the quality of the studies used in the review is evaluated in
a clear and transparent manner, as indicated in Table 3.

Publication bias may have contributed to the outcomes of
the review since only the studies published in large databases
such as Scopus and Web of Science were taken into account,
which could have omitted niche studies. In spite of such
possible biases, the inclusion criterion was used with due
precision to select the most relevant and experimental validation
studies in the field of quantum photonics.

The PRISMA flow diagram in Fig. (1) shows graphically the
steps that were taken to select the studies included in the
systematic review to achieve transparency and reproducibility.
The figure would give the figures of the studies obtained after
the first search of the database, and after that, the studies were
further filtered to eliminate the irrelevant samples. It will also
tell the number of studies that were eliminated by the inclusion
and exclusion criteria and the number of studies that were used
in the review. The following research methodology shows the
activities that occurred after the systematic and exhaustive
literature review of tunable topological edge states in two-
dimensional photonic crystals under the quantum application.
The PRISMA method ensures transparency and reproducibility,
and the search method, inclusion/exclusion criteria, and data
extraction method allow covering only the most valuable and
high-quality articles. The terms of measuring the quality of
reviews also play a role in the accuracy of the review, referring
to the inclinations, difficulties, and opportunities in this rapidly
emerging sector. Table 4 assists in evaluating the quality of the
studies used in the systematic review and presents a clear
evaluation to understand the review better and the reliability of
the findings better.

[ Identification of studies via databases ]

Records removed before screening:
Duplicate records removed (n = 206)
Records marked as ineligible by

automation tools (n = 481)
Records removed for other reasons
(n=163)

Records excluded

(n=75I1)

Studies not retrieved

(n=12)

Studies excluded:

e Reason I: Studies focused solely on

Fig. (1). PRISMA flow diagram.

<
2 Records identified from:
'8 Databases (n = 1000) N
= Scopus, Web of Science, d
S IEEE Xplore etc.
kel
\ 4
Records screened N
(n =150) g
> v
:.<_§ Studies sought for retrieval .
2| | (n=99) >
w
3
o
£ A 4
@
o Studies assessed for eligibility |
3 (n=187) »
v
o . . .
% Studies included in review
5 (n=60)
©
£

1D/3D photonic crystals without
tunability (n = 9)

Reason 2: Studies that did not apply
Al/ML techniques or tuning mechanisms
to photonic edge states (n = 11)

Reason 3: Purely theoretical models with
no experimental or practical photonic
implementation (n = 7)
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Table 3. GRADE framework criteria for quality assessment of studies.

Domain Criteria Rating
Risk of Bias Was there bias in design or execution? High / Moderate / Low
Inconsistency Were the results consistent across studies? High / Moderate / Low
Indirectness Were the results directly applicable to quantum photonics? High / Moderate / Low
Imprecision Were the estimates precise enough for reliable conclusions? High / Moderate / Low
Publication Bias Were all relevant studies included, and is there selective publication? High / Moderate / Low
Overall Quality Overall rating based on the previous domains. High / Moderate / Low

Table 4. GRADE assessment table for the selected studies.

Ref Risk of Bias Inconsistency Indirectness Imprecision Publication Bias GRADE Level
Ref Low Consistent Direct Precise Low High
[52] Moderate Inconsistent Indirect Imprecise Low Moderate
53] Low Consistent Direct Precise Low High
[54] Low Consistent Direct Precise Low High
[2] Low Consistent Direct Precise Low High
[55] Moderate Inconsistent Indirect Moderate Low Moderate
48] Low Consistent Direct Precise Low High
[56] Low Consistent Direct Precise Low High
[5] Moderate Inconsistent Indirect Imprecise Low Moderate
[57] Low Consistent Direct Precise Low High
[58] Moderate Inconsistent Indirect Imprecise Low Moderate
[59] Low Consistent Direct Precise Low High
[60] Low Consistent Direct Precise Low High
[51] Moderate Inconsistent Indirect Moderate Low Moderate
[43] Moderate Inconsistent Indirect Moderate Low Moderate
[61] Low Consistent Direct Precise Low High
[62] Low Consistent Direct Precise Low High
[63] Low Consistent Direct Precise Low High
[64] Moderate Inconsistent Indirect Moderate Low Moderate
[65] Moderate Inconsistent Indirect Moderate Low Moderate
[41] Low Consistent Direct Precise Low High
[66] Low Consistent Direct Precise Low High
[67] Low Consistent Direct Precise Low High
[68] Moderate Inconsistent Indirect Moderate Low Moderate
[69] Low Consistent Direct Precise Low High
[63] Low Consistent Direct Precise Low High
[70] Low Consistent Direct Precise Low High
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2.8. Research Perspective

Recent years have seen a development in the field of tunable
topological edge states in two-dimensional photonic crystals
being developed in the context of quantum applications.
However, it still leaves a number of unclear controversies and
schools of thought in dispute. The most important tuning
mechanisms include electro-optic and thermo-optic techniques,
but continuous problem areas are associated with their
performance trade-offs when it comes to their scalability, speed,
and efficiency [11]. Although electro-optic tuning has the
advantage of a fast response, it has such demerits as optical loss
and decoherence; it cannot be used in large-scale quantum
systems. Mechanical and phase-change materials, on the other
hand, offer more nonvolatile and stable tunability, but with
slower response times, and therefore are not as useful in high-
speed quantum interactions [12]. The hybridisation of tuning
systems to integrate several tuning mechanisms optimisation is
picking up. But the synthesis of such systems has the problem
of efficiency, stability, and power consumption, which is
important in quantum technologies. All these competing
mechanisms emphasise the necessity of further studies to
mitigate their shortcomings and make quantum photonic
systems more robust.

2.8.1. Future Directions from a Quantum Photonics

Perspective

Hybrid techniques that combine the benefits of electro-
optic, thermo-optic, and phase-change materials are currently
needed for the future. Such hybrid systems have the potential to
provide greater scalability, increased modulation depths, and
increased switching speeds, which are needed in quantum
computing and quantum communication systems. The future
directions of quantum photonic devices include minimizing the
optical losses in electrical tuning, reducing the response times
in mechanical and phase-change systems, and improving the
overall efficiency of the quantum photonic devices. Moreover,
searching for new material platforms, i.e, 2D materials and
non-Hermitian systems, can offer new solutions to existing
problems, especially the stability and minimisation of losses.
The integration of quantum-enhanced sensing techniques
should also be reviewed in research, which will allow building
more adjustable, effective, and scalable quantum photonic
systems.

3. THEORETICAL BACKGROUND
3.1. Topological Photonics Fundamentals

The idea of topological invariants, the Berry curvature, and
Chern number are concepts that front and centre this description
of the behaviour of photonic systems and have their origins in
condensed matter physics. Berry curvature, originating in the
theory of the geometric phase, determines how the quantum
state of light varies in parameter space, which influences the
direction and propagation of light in photonic systems [9]. An
integer Chern number, which describes the topology of a
system, can be used to determine whether or not a photonic

system hosts robust edge states. Such edge states show
resistance to disorder and perturbations, so are of great
significance to the stable, lossless light transport in optical
devices [13]. Bulk-edge correspondence describes how bulk
topological properties of a material relate to the existence of
edge states, and has been used to develop a model with which
to predict how light behaves at boundaries of photonic crystals.

3.2. Two-Dimensional Photonic Crystals

High-precision control of light propagation can be achieved
using a particular material known as two-dimensional photonic
crystals (2DPCs). These crystals contain periodic materials with
the two-dimensional modulation of the refractive index in a
crystal. The lattice structure is critical to bandgap behaviour in
2DPCs [10]. The most typical types of lattices, such as
hexagonal, square, and kagome lattices, have different positive
aspects regarding symmetry, bandgap formation, and edge-state
properties [ 14, 15]. Hexagonal lattices are also an effective form
of photonic crystal lattice, mainly because the high symmetry
makes robust edge states possible [16]. A square lattice may be
constructed with simpler designs, and the kagome lattice may
yield special features like photonic flat bands. These lattices can
be engineered to enable the tuning of band gaps in the photonics
regime, which is crucial to isolate frequencies and introduce
controlled light propagation within photonic systems and
magnets [17]. This is especially relevant to developing tunable
photonic systems to be used in quantum technologies, where
fine control of the optical properties of photonic systems is
mandatory.

3.3. Edge States

A key property of 2D photonic crystals is the indispensable
edge states in terms of strong light transmission at the material
boundaries. Depending on the nature of the boundary conditions
(e.g., zigzag and armchair boundaries), these edge states are
highly dependent on the nature of the propagating light along
the boundary [18]. Topologically protected edge states typically
occur with zigzag edges, and can propagate without scattering
even in the presence of non-topological defects or disorder, but
not the armchair edges. One of the cornerstones of topological
photonics is the inherent robustness of such edge states to
defects and perturbations [19]. This strong resilience is
explained by the topological immunity offered by the invariants
of the system, which ensures that scattering and loss to defects
cannot occur. Topological photonic crystals may thus be of
interest as a quantum system that must transport light in a stable,
lossless manner [20].

Table S compares Past and Recent Studies on Tunable
Topological Edge States in 2D Photonic Crystals for Quantum
Photonics.

3.4. Tunability Mechanisms (Legacy Mechanisms: Pre-
2020)

Before 2020, the tunability of topological edge states in two-
dimensional (2D) photonic crystals primarily relied on well-
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established methods: electro-optic modulation, thermal tuning,
and mechanical strain. These mechanisms laid the groundwork
for future advancements but each had distinct advantages and
limitations, particularly when applied to quantum photonics.

3.4.1.

Electro-optic modulation involves applying an electric field
to alter the refractive index of a material, which in turn affects
the photonic bandgap and topological edge states [26]. This
process relies on the Pockels effect describing the refractive
index change under an electric field. The relationship is given

Electro-optic Modulation

Where:

e 1, is the refractive index without the electric field,
e 1 is the electro-optic coefficient,

e E is the applied electric field.

This technique allows rapid modulation, with switching
times of the order of nanoseconds, and can hence be used in
high-speed applications. Nevertheless, electro-optic modulation
has issues such as optical loss, particularly with elevated power,

by:

n(E) =ny+rE

which prevents the scaling to large quantum systems [27].

Table 5. Comparison of past and recent studies on tunable topological edge states in 2D photonic crystals for quantum photonics.

Ref Study Year Tuning Mechanism Material Platform Key Findings Quantum Relevance
Higher-order topological states
9] Zhang et al. 2020 Electro—optic Surface-Wave Photonic were demonsFrated using surface- Quantum Networks
modulation Crystals wave photonic crystals for robust
light propagation.
Electro-ontic Developed electro-optic modulator Quantum
[13] Wang & Khan 2024 p Valley Photonic Crystals | for topological edge states in valley L
modulation . Communication
photonic crystals.
. Design of a tunable 2D photonic
Anghel & Electro-opt: . . .
[14] ng e. 2025 ectro o.p ¢ As2S3 Film crystal in As2S3 for all-optical Quantum Sensors
Petris modulation .
modulation.
Reconfigurable group delay with
Phase Transition . tunable topological edge states
15 Lu et al. 2025 Dual-band material tum Network
(15] wera (Ge2Sb2Te5) ual-band materia using Ge2Sb2Tes material in dual- | Quantum Networks
band systems.
L In situ strain tuning of 2D material-
2D Material-integrated
[18] Manna et al. 2023 Mechanical Strain ateria 1n. cerate integrated nanocavity to control Quantum Memory
Nanocavity .
photonic edge states.
Demonstrated low-loss, Se-based
Phase-ch hase-ch terials for tunabl
[19] Burtsev et al. 2024 ase-c .ange Se-based Materials phase-c .zmge materia S c.)r unable Quantum Computing
Materials photonic edge states in infrared
systems.
Developed a mechanically tunable
. . . . . flexible photonic device for strain
[21] Ali et al. 2023 Mechanical Strain Flexible Photonics . K Quantum Sensors
sensing and quantum sensing
applications.
Optical switching using Mott
Phase-ch Mott Phase Ch
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If not used interchangeably, electrical tuning, carrier-based
tuning, and electro-optic tuning are different terms used.
Electrical tuning is generally a term applied to the changing of
the properties of a material by the external electric field. In
electroluminescence, FElectro-optic tuning, Pockels effect
materials are materials that vary their optical characteristics in
response to an electric field. Carrier-based tuning aims at
controlling the electron density in a substance to control its
optical properties, usually using electrostatic fields.

3.4.2.

Thermal tuning is based on the temperature variation of the
refractive index. The heating features integrated in the photonic
crystal can be used to alter the refractive index, therefore
modifying the photonic bandgap by changing the temperature
[28]. The equation to find the relationship between the
refractive index and temperature is as follows:

n(r) = g + (55) T~ 1)

Thermal Tuning

Where:

e n(T) is the refractive index at temperature T,

e n, is the refractive index at a reference temperature T,

. j—T is the thermo-optic coefficient.

Although thermal tuning is reported to have good stability
and low energy consumption, its response time is low thus
limiting its usability to high speeds high rate reconfigurability
is needed in quantum memory operations or to systems in which
rapid reconfigurability is not necessary [29].

Increasingly, post-2020, band-structure interpretation is
being used to explain the analysis of the dispersion relation
w (k) of a photonic crystal, showing bulk bands and topological
photonic states crossing the bandgap in the Brillouin zone, as
shown in Fig. (2). These band diagrams can differentiate bulk
modes and topological photonic states that are localised at
interfaces, which satisfy bulk-edge correspondence and allow
unidirectional propagation of modes without backscattering.

wa/(2rc)
o
w

o
N

Fig. (2). Band structure for the TM modes (Source: [30]).

3.4.3.

The concept of mechanical strain-based tuning is that an
external force is applied to change the structural properties of a
photonic crystal, shifting the photonic bandgap and edge states.
The strain change in the refractive index is provided by:

Mechanical Strain

An = pe

Where:

e An is the change in refractive index,
e p is the photoelastic coefficient,
e ¢ is the applied strain.

Mechanical strain tuning offers edge states that can be
controlled very precisely, but has lower reconfigurability speeds
than electro-optic techniques. Also, any strain fatigue over time
may deteriorate the long-term stability of the system. Mode
symmetry is prominent, edge states are frequently a result of
band inversion between the dipolar and quadrupolar orbital
symmetries at high-symmetry points, separating degeneracies,
imposing topological gaps that define pseudospin properties,
and coupling selection rules. Lastly, the depth of field-matter
coupling is measured by determining the overlap integral of
localised field profiles of edge states of emitters or nonlinear
elements implemented in the crystal; large overlap increases
Purcell factors and coherent interaction strengths relevant to
quantum applications [31]. Such higher interpretations bring the
review to more sophisticated physics than introductory physics

While electro-optic modulation is ideal for high-speed
operations, it is limited by optical loss and decoherence.
Thermal tuning offers stability and low energy consumption but
lacks speed, making it unsuitable for high-speed quantum
systems [32]. Mechanical strain provides precision but suffers
from slow reconfigurability and strain fatigue. These legacy
mechanisms formed the foundation of tunable photonics, but
their limitations have driven the search for hybrid systems that
combine their strengths to meet the demands of scalable, high-
performance quantum photonics.
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3.5. Quantum Photonic Relevance

The ultimate aim of the developments in topological
photonics is to utilise them in quantum technologies. Low-loss
routing is vital to quantum information transmissions, and
tunable topological edge states offer a perfect alternative to
them, as they allow a stable and robust propagation of light,
which is not significantly affected by fabrication imperfections
and defects [24]. Furthermore, scalable quantum photonic
systems require on-chip reconfigurability. The reconfigurability
of properties of photonic devices, e.g., quantum gates or
interconnects, is a fundamental attribute of scalable quantum
photonic systems. The tunable photonic crystals can be used as
a very versatile architecture to be integrated on-chip, due to the
required flexibility to follow the changing needs of quantum
computing and quantum communication networks [33].
Moreover, the combination of the controlled topological edge
states with single-photon emitters and detectors can widen the
possibilities of the implementation of the quantum networks and
quantum information processing systems [25].

4. CURRENT RESEARCH LANDSCAPE

The tunable topological edge states of the 2D photonic
crystals in quantum photonics have become one of the most
recent research topics in recent years. It is a basic procedure that
scholars have been developing advanced methods of
dynamically controlling topological states at the edge, and this
process is essential in enhancing the output of quantum devices
[34]. This section briefly overviews recent advances in each of
these two general categories (tuning mechanism, material
platform) in 2D photonic crystals, the milestones in the history
of the experiment, and performance metrics.

4.1. Categorisation by Tuning Mechanism (Post-2020

Breakthroughs)

The progress in tunable topological edge states of two-
dimensional (2D) photonic crystals to quantum applications in
2020 has been seen as a step forward in the field. The developed
breakthroughs since 2020 on the basis of the pre-2020 legacy
mechanisms of electro-optic modulation, thermal tuning, and
mechanical strain include hybrid tuning systems, new materials,
and non-Hermitian systems. The innovations provide greater
scalability, efficiency, and accuracy, which would meet the
requirements of quantum photonics applications [35].

4.1.1. Hybrid Tuning Mechanisms
4.1.1.1. Hybrid Electro-Optic and Mechanical Tuning

Among the most remarkable discoveries was the invention
of hybrid systems that combine electrooptic modulation and
mechanical strain. Electro-optic tuning offers quick modulation,
which is needed with fast quantum interactions, and mechanical
strain offers high-precision adjustments, which ensure stability
over time [36]. This enables the speed and precise control of the
topological edge states by the systems, which is essential in
techniques such as quantum gates. The key example of such a
hybrid solution is the combination of silicon photonic crystals
and MEMS actuators, which allows quickly switching of edge
states with stability and accuracy [37].
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4.1.1.2. Hybrid Thermal and Electro-Optic Tuning

Conversely, there has been a hybrid solution of using
thermal and electro-optic tuning to fit into the slow response
time of thermal tuning, as well as take advantage of the low loss
and stability of thermal techniques. Rapid adjustments are done
by electro-optic tuning, whereas thermal tuning is stable, long-
term and energy-efficient [38]. This hybridisation has found
quantum memory and network applications to be a particularly
useful output, since long-term control is needed with precision
and reconfiguration is needed on a fast time scale [39, 40].

4.1.1.3. Cross-Mechanism Synthesis

Synthesizing the metrics of the mechanisms, we may note
that electro-optic tuning has the lowest response time and high
efficiency but has high optical loss, which is why it can be
applied in cases when speed is the most important factor and it
is not necessary to be very scalable. Conversely, thermal tuning
offers high stability and low loss, but is more time-consuming,
therefore, suited to quantum memory, whilst mechanical strain
is most accurate but inexpensive to scale and fast.

4.1.1.4. Ranking and Trade-Off Evaluation

Electro-optic tuning is the best in terms of overall
performance in applications where speed and efficiency are
needed, thermal tuning is the best in terms of stability and low
loss and mechanical strain is the best in terms of precise
performance even though its speed and scalability may be low.
This is a trade-off between speed (electro-optic) and precision
(mechanical strain) or stability (thermal), as per the
requirements of the quantum application at hand.

4.1.2.  Breakthrough Materials for Tuning Mechanisms

4.1.2.1. 2D Materials (Graphene and Transition Metal
Dichalcogenides)

Graphene and transition metal dichalcogenides (TMDs) are
2D materials, the integration of which is a major advance in
tunable photonics. Graphene, which possesses good electrical
and optical characteristics, has been employed for the electro-
optic modulation in photonic crystals, making it possible to tune
the topological photonic edge state quickly [41]. MoS2 and
WS2 are TMDs, which have several distinctive features such as
valley polarisation and significant excitonic effects, so they are
well-adapted to high-precision quantum simulation, including
quantum computing and quantum sensing [42].

4.1.2.2. Phase-Change Materials (Ge2Sb2Te5 and V02)

Photoswitchable phase-change materials (PCM) such as
Ge2Sb2Te5 (GST) and VO2 have been critical in tuning
photonic properties [43, 44]. These substances experience
reversible changes between amorphous and crystalline phases
with a huge change in optical properties. An example of the use
of GST is the control of the photonic bandgap of photonic
crystal devices using GST to dynamically control edge states.
Likewise, VO2, having a metal-insulator transition, has been
applied to change topological states in photonic crystals,
changing the optical properties at the phase transition
temperature.
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4.1.3.  Non-Hermitian Systems and Exceptional Points

Another notable development after 2020 is the study of non-
Hermitian photonics, in which complex gain and loss are added
to the system. Non-Hermitian systems are systems in which the
topological edge states are controlled by manipulating
exceptional points (EPs) at which the eigenvalues of the system
converge and which cause new physical processes, including
unidirectional light propagation and switching between modes.
Such systems provide edge state control previously unrealised,
with new prospects in quantum communication and sensing
applications [45]. Recent progress has demonstrated that, with
tuning of the gain and the loss parameters, it is possible to
dynamically control topological edge states and provide a new
degree of reconfigurability and precision, which is required in
quantum networks.

4.1.4. Integration of Quantum Light Sources

It has also been a breakthrough with the combination of
quantum light sources, both quantum dots and defect centres in
diamond, and tunable topological photonics. These are quantum
light sources that may be implemented in connection with
tunable photonic crystal cavities through which quantum states
of light may be generated and controlled [46]. This combination

Table 6 It brings out the merits and demerits of both
methods in quantum photonics applications. Tuning
Mechanism Comparison and Evaluation and Limitation

The performance of the different tuning mechanisms is
compared.

e Efficiency: Electro-optic tuning is very efficient with a
response time of between 50-100 ps, but with greater
optical losses.

Energy Consumption: Thermal tuning is efficient in
energy consumption, yet slower. Electro-optic systems

consume more power, especially with larger systems.

Switching Speed: Electrical tuning offers fast modulation
(~100 ps), whereas thermal and mechanical methods are
slower (~ns to ps).

Footprint: Electro-optic systems have a compact footprint
compared to mechanical methods.

is essential in the creation of a scalable on-chip quantum
photonic device. By carefully coupling the edge states,
scientists can tune the interaction between the quantum emitters
and the photonic crystals and on this basis, the entangled photon
pairs, quantum memory and other key quantum resources can
be created [47].

After 2020 advances in tunable topological edge states in 2D
photonic crystals, quantum photonics has gained much ground.
Important considerations in the scalability, response times, and
integration with quantum systems have been met by hybrid
tuning mechanisms, new materials such as 2D materials and
phase-change materials, and the creation of non-Hermitian
systems [48]. These breakthroughs have improved the
manipulation of photonic character, and they have a lot of
potential in quantum computing, communication and sensing
[49]. Due to the ongoing development of research, these
improvements are likely to become a crucial factor in the
creation of scalable and high-performance quantum photonic
systems.

The major metrics, such as response time, precision,
scalability, loss, and efficiency, of the three best tuning
mechanisms, namely electro-optic, thermal, and mechanical
strain, are summarised in

e Quantum Metrics: Electro-optic methods show better
coherence retention, while phase-change materials (PCM)
show promise for quantum fidelity but with slower

switching.
Each tuning mechanism has its limitations:
Heating noise: Thermal tuning faces significant heating

issues that limit stability in some applications.

EO loss: Electro-optic loss remains an issue in high-power
applications.

Strain fatigue: Mechanical strain-based systems suffer
from strain fatigue over time, limiting long-term reliability.

PCM Cycling Lifetime: Phase-change materials show
limited cycling lifetimes, impacting their use in long-term
quantum systems.

Table 6. Comparative overview of tuning mechanisms for topological edge states in 2D photonic crystals.

Tuning Mechanism Response Time Precision Scalability Loss Efficiency
Electro-optic Nanoseconds High Moderate High High

Thermal Slow Moderate High Low Moderate
Mechanical Strain Moderate Very High Low Low Low
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Table 7. Summary of selected studies.

i 1

Ref | Year Author(s) Tuning Mechanism PC Lattice OW]:?;:::;; Quantum Relevance

[52] | 2015 Oliveri, G., Werner, D. H., & Massa, A. Electro-optic modulation Hexagonal 1550 nm Quantum Networks

[S3] | 2017 Hong, W., Baek, K.-H., & Ko, S. Electro-optic modulation Square 28 GHz Quant.um.
Communication

[54] | 2018 Barwicz, T., et al. Electro-optic modulation | Hexagonal 1550 nm Quantum Networks

[2] | 2018 Hao, R., Ye, Z., et al. Electro-optic modulation | Hexagonal 1550 nm Quantum Sensors

. . t

ISS] | 2019 Peng, Y., et al. Electro-optic modulation | Honeycomb 1550 nm Quan um
Communication

[48] | 2019 Zhang, Z., et al. Material Switching (VO:) Kagome 1550 nm Quantum Computing

[56] | 2019 Peng, Y., et al. Electro-optic modulation Square 1550 nm Quant.um.
Communication

. . . . t

[S] | 2020 Li, X., Liu, X., et al. Electro-optic modulation Square 1550 nm Quan um
Communication

[57] | 2020 Jin, Y., et al. Mechanical Strain Kagome 1550 nm Quantum Memory

[S8] | 2013 Zhang, X., et al. Electro-optic modulation Square 1550 nm Quant.um.
Communication

[59] | 2021 Chen, W., et al. Mechanical Strain Honeycomb 1550 nm Quantum Memory

[60] | 2021 Gong, Y., et al. Electro-optic modulation Hexagonal 1550 nm Quantum Networks

[51] | 2021 Szelag, B., et al. Electro-optic modulation Square 1550 nm Quantum Networks

[43] | 2025 He, H., et al. Material Switching (VO:) Kagome 1550 nm Quant.u m.
Communication

. Material Switchi
[61] | 2024 Li,J., etal a erl(aG 5\1;:1)1 chmng Honeycomb 1550 nm Quantum Memory
[62] | 2022 Gaikwad, A., et al. Mechanical Strain Square 1550 nm Quantum Sensors
Mechanical tuni

[63] | 2025 Ren, ], et al. ee (la\'/r[lll;;d S;mmg Square 1550 nm Quantum Gates

[64] | 2024 Liu, Y., et al. Mechanical Strain Hexagonal 1550 nm Quant'um'
Communication

Non-H iti
[65] | 2024 Zhang, L., et al. Olilaraf:el:;rlan Hexagonal 1550 nm Quantum Networks
Mechanical tuning Quantum
[41] | 2024 Zhang, H., et al. K
ang ed (MEMS) agome Terahertz Communication

[66] | 2024 He, L., et al. Electro-optic modulation Square 1550 nm Quantum Memory

[67] | 2024 Lévéque, G., et al. Mechanical Strain Square 1550 nm Quantum Networks

[68] | 2022 Wang, Y., & Panoiu, N. C. Electro-optic modulation Square 1550 nm Quantum Computing
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[69] | 2024 Uemura, T., et al. Material Switching (VO:) Square 1550 nm Quantum Interconnects
Mechanical Tuni
[63] | 2025 Ren, J., et al. e g\r/llllgi/[ S)unlng Square 1550 nm Quantum Networks
[70] | 2025 Yang, Y., et al. Electro-optic modulation Kagome 1550 nm Quantum Computing
. t
[71] | 2025 Li, J., et al. Electro-optic modulation Square 1550 nm Quan um
Communication

4.2. Material Platforms

Index tuning of unconfined topological edge states is critical
to effectively selecting a material platform in 2D photonic
crystals. Silicon-on-insulator (SOI), IIIV semiconductors, and
lithium niobate on insulator (LNOI) are the three principal
platforms that have attracted much research attention. Silicon-
on-insulator (SOI) is among the most popular material
platforms because it lends itself to CMOS technology and can
enable photonics to be merged into electronics on the same chip.
SOI photonic crystals can be optimal when using electro-optic
tuning mechanisms, since the parameters in topological edge
states can be well-controlled [50].

1I1I-V semiconductors like InGaAsP or GaAs have also been
investigated due to their high nonlinearities and quantum
efficiency. Such materials give more freedom in the design of
photonic crystals and frequently combine them with electro-
optic tuning mechanisms [51]. Lithium niobate on insulator
(LNOI) is becoming an ideal material platform for quantum
photonics since its significant electro-optic coefficients and low
loss at telecom wavelengths. These LNOI photonic crystals can
integrate efficiently, which is scalable into quantum networks,
and they make the tunable edge states, which could be used as
a material platform [20]. There exists a fundamental tension
between robustness and dynamic perturbation. While electrical
tuning offers fast responses, it sacrifices topological robustness,
whereas phase-change and mechanical systems offer more
stable responses but at the cost of speed. Balancing these factors
is crucial for scalable quantum photonics.

4.3. Experimental Demonstrations

A few landmark results of tunable topological edge states in
2D photonic crystals have been. These works have employed
different tuning mechanisms and material platforms to stabilise
controlled edge states, giving insights into these systems'
viability and operating capabilities in quantum applications. A
table of the summary of some of the critical experimental works
is shown below in Table 7.

4.4. Simulation-Only Studies

Simulation-only studies have also been critical in studying
the topical tunable topological edge states in 2D photonic
crystals and experimental works. Tunability of edge states has
widely been predicted based on the Finite-Difference Time-
Domain (FDTD) simulations and plane-wave expansion
approaches when multiple tuning mechanisms and material
platforms are involved [72]. Such simulations are vital to
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identify new configurations, material selection, and tuning
before their experimental validation. This has been addressed
with FDTD simulations, so that exploration of the latest
opportunities of controlling topological edge states might be
performed with great precision, based on even more complex
photonic structures.

4.5. Performance Metrics

The performance of tunable topological edge states is
commonly measured using several essential parameters, such as
modulation depth, switching speed, energy consumption, and
loss performance. Modulation depth is the extent of variation of
the edge state properties in response to a tuning mechanism.
Deep modulation depth is essential for having firm control of
the topological characteristics of the system [73]. Switching
speed differs in importance in those applications where a
prompt response is necessary, e.g., in quantum communication
networks. Energy use is an important consideration, particularly
in integrated photonics, where it is critically vital that low-
power devices are scalable. Lastly, low-loss operations are
needed to keep and transport quantum information throughout
vast distances, especially within quantum communication
systems and quantum computation.

5. ANALYSIS AND DISCUSSION
5.1. Trend Analysis

The area of tunable topology of states at edges of 2D
photonic crystals has evolved considerably over the last decade.
Early studies concentrated mainly on robust edge states with
little control but non-static topological properties in most
systems, where photonic crystal structures were designed to
support the properties of robust edge states, with less control.
The trend has, however, taken a drastic turn towards
dynamically reconfigurable systems. Tunability has also been
increasingly prioritised by introducing control mechanisms in
different material platforms like the electro-optic, thermal,
mechanical, and phase-change materials, which allow the
topological edge states to be altered in a real-time manner, even
once fabricated [74, 75]. The move is informed by the growing
need to design quantum photonic systems capable of responding
efficiently to the conditions around them and changes in their
operating environment, essential to both scalable quantum
circuits and adaptive quantum communication networks [33].

Among the interesting trends after 2020, one can distinguish
the' increased popularity of hybrid methods and the popularity
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of non-Hermitian systems. As a resultant measure of increased
flexibility and accuracy in edge, state control tuning, hybrid
systems that employ a combination of two or more tuning
methods have become a general principle. As an example,
electro-optic modulation with mechanical strain or material
switching has been observed as a higher modulation depth and
fast response time solution, presenting a middle-ground solution
due to its fast response and efficient modulation depth in
quantum applications that need precision and high speeds [76].
Photonic systems with non-Hermitian Hamiltonian systems
have been of interest as well, since they add gain and loss to a
photonic system, and thus can control edge states at exceptional
points that would open a new path towards quantum computing
and quantum networks [77]. These advances highlight the trend
and growing difficulty of tunable topological systems.

5.2. Comparative Insights

When considering the three most prominent tuning
mechanisms, electrical, thermal, and phase-change materials,
there are some essential disparities in performance, relative ease
of integration, and compatibility with quantum systems. The
fast and easy integration appeal of electro-optic tuning is more
likely to be associated with the platform silicon photonic
crystals, which have the advantage of CMOS compatibility.
Faster electro-optic tuning switching times (with nanosecond
responses) are key in applications that need quick
reconfiguration of topological edge states through electro-optic
tuning, as in quantum gates [78].

On the other hand, thermal tuning is slower, yet more energy
efficient, especially in the case of systems requiring little
reconfiguration. Adjusting the photonic property of materials
with a heater or temperature-controlled substrates has also
proved effective in programming the topological edge states
across many systems, but has slower response times and the risk
of thermal crosstalk when highly integrated [79]. This is not as
well suited to the case of high-speed quantum operation,
however, and its usefulness may lie in low-speed quantum
memory or quantum networks.

Phase-change materials (GST, VO») have special benefits in
material switching and the potential capabilities of spectacular
change in optical properties through phase transitions. Such
materials are readily capable of switching between the
amorphous and crystalline phases to provide high refractive
index contrast, which would be well-suited to quantum optical
switches [39]. Nevertheless, phase-change material switching
can be slower than an electrical approach, and thermal
management is also an issue. They are quantum-compatible;
however, with extensive quantum compatibility, particularly in
quantum memory and photonic logic gate applications.

5.3. Integration Potential

Electro-optic tuning seems to be the most promising
mechanism for large-scale integration of quantum photonic
circuits, with compatibility to CMOS technology, well-
established  fabrication  techniques, and  high-speed
Reconfigurability. It is thus very suitable when the scale of
quantum circuits is significant, and multiple components must
be handled in a physically integrated way at the same time [51].
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Although the use of phase-change materials is potentially
desirable because of their functionality, their use in large-scale
integration may be hampered by issues with speed and power,
thus possibly hindering their use in high-frequency quantum
operations. Nevertheless, they demonstrate a high potential
when it comes to specific applications, like quantum memory
units [80].

An attractive way forward is into hybrid systems that
combine electro-optic tuning with either phase-change
materials or mechanical strain to exploit the virtues of more than
one mechanism. By harnessing an additional mechanism to
measure, for example, mechanical strain or material switching
with electro-optic control, hybrid systems can achieve high
efficiency as well as fast system reconfiguration, potentially
mitigating the scale of single mechanism systems [21].

5.4. SLR Insights

Using a citation network analysis of the literature, a few
papers and neighbourhoods that dominated the development of
tunable topological edge states in photonic crystals can be
identified. Articles about integration of electro-optic tuning
with CMOS-compatible media like silicon-on-insulator have
also been the most cited papers, and therefore are important to
quantum photonic integration. Other areas of research interest
are studying a phase-change material, such as GST and VO,,
which has become a significant enabler to dynamic control of
photonic states. Alongside that, the non-Hermitian photonics
cluster on gain-loss modulation and exceptional points has seen
a tremendous surge of interest in recent years, as well, and it in
turn provides new horizons for quantum computing and
communication.

5.5. Graphical Analysis

Publications related to the field increased steadily shown in
Fig. (3), especially after 2018, and hybrid and non-Hermitian
techniques increased sharply after 2020. It has been especially
striking in recent years when the number of publications is
rather high in the year 2022, and with the rate in the ascendant,
the interest and focus on the area are further rising, promising
the discovery of new areas of application of advanced tuning
mechanisms and quantum use.

The heat map in Fig. (4) indicates which tuning mechanisms
(electro-optic, thermal, mechanical, material switching, and
hybrid) are utilised on which material systems (including
Silicon-on-Insulator, I1I-V semiconductors, LNOI, and GST).
The stronger the colour, the more the tuning procedures are used
on the individual materials, giving a clue at which different
approaches are often used in tunable topological edge states.

6. CHALLENGES AND FUTURE OPPORTUNITIES
6.1. Challenges

Although significant progress has been made, multiple
challenges exist to realise efficient, scalable, tunable topological
photonic systems that pave the way for quantum applications.
Central manufacturing slope. Fabrication tolerance is the most
crucial problem for 2D photonic crystals with adjustable
components. The demand for precision engineering of photonic
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crystal structures is essential to make the edge states stable and neighbouring components and result in signal inefficiency. This
robust when employing tuning mechanisms. The other concern is especially problematic in quantum systems where a non-lossy
is thermal crosstalk, especially with highly compact integration —operation is required and/or the operation is required to be
of thermal tuning elements on photonic circuits. These stable.

temperature variations may cause the degradation of
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Also, there is the serious problem of controlling the losses
in the areas of active tuning. Most systems can cause some
optical loss when exposed to electric fields, mechanical strain,
or heat. This can be an impeding factor in performance,
particularly in quantum photonic applications, where optical
losses can be a limiting factor on coherence over long-range or
long-distance routing, and low-loss routing is essential. Finally,
another problem that needs to be mentioned is quantum
decoherence of the photonic states of the edge as a result of
interacting with active elements of tuning. The use of electro-
optic and thermal tuning interventions can introduce noise or
noise fluctuations into the photonic states, as well as induce the
decoherence of the appropriate quantum information
processing. The resolution of these challenges will require a
large advancement in materials science and device engineering.

6.2. Opportunities

Nevertheless, this field has many opportunities despite the
challenges. Manufacturable programmable topological
photonic chips pose a significant opportunity to scale,
reconfigurable quantum photonic systems. Such chips might
allow scalable and on-demand control of quantum states,
thereby allowing quantum gates, the generation of
entanglement, and the implementation of quantum
communication protocols. The other potential is the possibility
of on-chip topological quantum gates that may occur. In the
progression of building quantum computing, researchers could
create low-error-rate and high-fidelity quantum gates using
tunable topological edge states.

The other opportunity is to couple with quantum light
sources, e.g., quantum dots or defect centres, e.g., diamond.
These sources, together with a tunable photonic crystal that can
be set to produce on-chip quantum networks, can be combined,
and this would assist in the generation, manipulation, and
detection of quantum information. Finally, with 2D material-
based tunable systems, the field can be revolutionised on novel
materials, e.g., graphene and MoS2. Through such materials,
possibilities are available that allow more efficient and tailored
systems that can scale up quantum photonic and nonlinear
optical systems.

CONCLUSION

This systematic literature review has discussed that there has
been a strong advancement in the field of tunable topological
edge states in 2D photonic crystals to design quantum photonic
systems. We have talked about different tuning schemes,
including electro-optic tuning, thermal tuning, strain in
materials, and material phase transitions, in particular, with
reference to dynamical control of the edge states. This scaling
and reconfigurability are needed in quantum systems, such as
quantum communication, quantum computing, and quantum
sensing.

Despite  these developments that allow on-chip
reconfigurability and precise control, issues like fabrication
tolerances, thermal crosstalk, and quantum decoherence are still
serious  problems. To overcome such problems,

16

nanofabrication, quantum optics, and materials science should
work together.

Further studies should be done to come up with hybrid
systems that incorporate new materials such as graphene and
MoS2, and research in non-linear optical reactions to increase
tunability. Besides, quantum-enhanced sensing and hybrid
photonic systems may also be scaled up to enhance quantum
photonics. The innovations will be instrumental in making
tunable topological photonics a backbone technology of
quantum systems.
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