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Abstract—With the growing demand for renewable energy
and environmental remediation, there is a need for higher-
performance photocatalysts and better light-harvesting
strategies. In addition, TiO: photocatalysts have been widely
studied due to their stability, low cost, and non-toxicity.
However, their performance is limited by weak light absorption
and fast recombination of photogenerated electron-hole pairs.
Thus, it is essential to design materials that improve light
harvesting and promote charge separation simultaneously. This
paper investigates the design, fabrication, and applications of a
photonic crystal heterostructure consisting of an ultrathin
anatase TiO: film sandwiched between two thick SiO: layers.
Particular attention is given to the role of self-assembly,
photonic bandgap engineering, and interfacial chemical
bonding in boosting photocatalytic performance. The results
show that the SiO2/TiO2/SiO: integrates the advantages of both
photonic crystals and semiconductor heterojunctions. And this
is achieved through the periodic refractive-index contrast
between TiO: and SiO2, which generates tunable photonic
bandgaps and slow-light effects, thereby enhancing light
confinement and photon absorption. Besides, Ti-O-Si
interfacial bonding stabilizes the structure and promotes
electron-hole separation, while self-assembly offers a simple,
low-cost route to ordered nanostructures.
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I. INTRODUCTION

Under rapid advances in optoelectronics and increasing
environmental pressure, the enhancement of light utilization
and photocatalytic efficiency has become essential [1, 2]. At
the same time, TiO, especially anatase-phase TiO,, is widely
used in photocatalysis due to its excellent activity under
ultraviolet light for pollutant degradation and water splitting
[1-3]. However, its intrinsic limitations, including weak
visible-light absorption and rapid recombination of
photogenerated electron-hole pairs, severely limit overall
efficiency [1, 4]. Accordingly, existing strategies mainly
include doping to extend light absorption, coupling with
narrow-bandgap semiconductors or carbon materials to
facilitate charge separation, and creating nanostructures to
increase surface area and light capture. These methods often
target only one aspect and lack a combined design for light
management and interfacial charge control. As a solution,
photonic crystals, with periodic refractive index patterns, can
create photonic bandgaps and slow-light effects, enhancing
light localization and extending the optical path, thus
enhancing light absorption [5-7]. By periodically integrating
high-refractive-index TiO, with low-refractive-index SiO»,
optical field manipulation and interfacial charge regulation
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can be simultaneously achieved within a unified system [8,
9]. Based on molecular engineering and structural design
principles, this paper explores the conceptual design of
TiO»/Si0; photonic crystal heterostructures, with emphasis
on light-field enhancement and charge separation arising
from refractive-index periodicity and Ti-O-Si interfacial
bonding. In addition, theoretical optimization strategies and
potential applications are proposed, offering guidance for
designing high-efficiency photocatalysts and visible-light-
responsive systems.

II. FUNDAMENTAL PRINCIPLES OF MOLECULAR
ENGINEERING

The design of TiO2/Si0: photonic heterostructures follows
key molecular engineering principles, enabling precise
control of nanoscale ordering, interfacial bonding, and
optical properties to boost photocatalytic efficiency.

A.  Self-Assembly for Ordered Nanostructure Formation

Through self-assembly, ordered nanostructures can be
constructed through a key bottom-up strategy [8, 10]. During
this process, colloidal SiO, and TiO, nanoparticles can
spontaneously organize into periodic photonic crystal
structures through methods such as vertical deposition, sol-
gel processing, and electrophoretic assembly [8]. And this
approach enables control over particle packing and film
thickness, allowing the formation of well-defined nanoscale
ordering.

To improve structural uniformity, surface modification of
nanoparticles is often used. By tuning surface charge and
interparticle interactions, this modification promotes more
regular packing and improves long-range structural order [8,
10]. Compared with top-down lithography, self-assembly
enables scalable fabrication of large-area ordered structures
with relatively simple processing routes. Importantly, this
ordering process serves as the structural basis for subsequent
photonic modulation and interfacial functionalization in the
heterostructure design. The final morphology strongly relies
on nanoparticle arrangement, which determines the
periodicity of the resulting multilayer system.

B.  Photonic Bandgap and Light Confinement Mechanism

Photonic crystals are formed by periodic media with
alternating refractive indices. In the TiO»/SiO; system, the
refractive-index contrast between TiO, with a refractive
index of 2.4 and SiO, with a refractive index of 1.45 induces
Bragg diffraction, leading to the formation of photonic
bandgaps at specific wavelength ranges [5, 7]. Near the
bandgap edges, the dispersion relation becomes strongly
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flattened, thus resulting in slow-light behavior and a reduced
group velocity. This effect enhances the optical dwell time
inside the periodic structure and strengthens light-matter
interaction in the high-index regions [6, 7].

As a result, light propagation is redistributed between
allowed and forbidden modes, enabling spectral selectivity
and efficient control of photon transport in periodic dielectric
systems. Photonic bandgap formation thus provides a
fundamental mechanism for manipulating light propagation
in refractive-index-modulated media. This optical response
establishes the basis for understanding structure-dependent
light distribution in multilayer heterostructures.

C. Interfacial Heterojunctions and Chemical Bonding
Effects

The formation of TiO»/SiO, heterojunction interfaces
gives rise to newly developed electronic and chemically
distinct environments that significantly govern and modulate
interfacial charge-transfer behavior [9, 10]. At the atomic
scale, Ti-O-Si bonds connect the two components, modifying
local electronic structure and enabling interfacial charge
redistribution. This interfacial coupling provides pathways
for directional charge transfer across the interface, thereby
modifying carrier separation dynamics at the junction.
Besides, the modified surface chemistry influences
interfacial adsorption behavior and reaction site accessibility,
particularly in aqueous environments.

Moreover, TiO,-SiO, composite interfaces often exhibit
superhydrophilic characteristics, which enhance surface
wetting and facilitate mass transport at the solid-liquid
interface [2, 11]. As a result, these interfacial chemical and
surface properties determine the reaction environment at the
material boundary and govern interfacial reactivity and
stability.

III. THE STRUCTURAL DESIGN AND FABRICATION OF
S10,/T10,/S10, HETEROSTRUCTURES

The proposed engineering solution is a multilayer
Si0,/Ti0,/Si0; photonic crystal heterostructure [7, 8]. While
Ti0,/Si0; is used in a general sense to describe the material
system, SiO,/TiO»/SiO, denotes the symmetric multilayer
configuration used for optical confinement.

A.  Multilayer Structural Design and Optical Function

The SiO»/Ti0,/SiO; heterostructure is constructed as a
multilayer photonic platform with a clearly defined spatial
configuration of functional layers [5, 7]. In this configuration,
a thick SiO, layer is first introduced as a supporting and
insulating framework, providing structural stability for
subsequent deposition processes.

Accordingly, an ultrathin anatase TiO, film is positioned
as the central active layer, thus forming a confined functional
region embedded between dielectric boundaries. In this way,
this spatial arrangement enables the TiO; layer to function as
a resonant defect within the multilayer architecture. The
surrounding layers confine the TiO» region, thereby
establishing well-defined boundaries that govern field
distribution across the stack [12]. Layer thickness and
stacking sequence determine the resonance condition,
allowing spatial confinement of optical modes within the
active layer.
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In addition, asymmetry in local thickness variation can
introduce tunability in resonance position without altering
material composition. This geometric control provides a
direct route to adjust modal localization within the confined
TiO; region. Such a design strategy also enhances sensitivity
of the optical response to nanoscale structural variations.

B.  Interfacial Mechanisms and Photonic Effects

The performance enhancement of SiO2/TiO»/SiO,
heterostructures is governed by the synergistic interaction
between interfacial chemistry and photonic modulation. At
the interface, Ti-O-Si bonding defines the -electronic
coupling pathway across the material boundary, affecting
charge redistribution at the heterojunction and stabilizing
interfacial states under excitation [2].

Within the same architecture, the periodic dielectric
environment controls the spatial distribution of incident light
across the multilayer structure. This redistribution
determines where photoexcitation is preferentially generated
within the TiO, region, linking optical field localization with
interfacial carrier dynamics. In addition, the degree of spatial
overlap between high-intensity optical regions and
interfacial bonding sites becomes a key factor affecting
carrier utilization efficiency. Local variations in field
intensity can therefore lead to non-uniform excitation density
across the TiO, layer. This spatial non-uniformity further
affects the likelihood of carriers participating in interfacial
processes. As a result, the overall response of the system is
not governed by a single process but by the spatial overlap
between light distribution and interfacial charge transport
pathways, which jointly determine the efficiency of carrier
utilization [5].

C. Fabrication Methods and Assembly Strategies

Using a combination of bottom-up assembly and thin-film
deposition techniques, SiO»/Ti0,/SiO; heterostructures are
fabricated, enabling controlled construction of multilayer
architectures in terms of thickness and sequence [7, 8]. In this
process, the SiO; layers are typically prepared by sol-gel
processing or nanoparticle assembly to form continuous
dielectric films. These processes allow uniform coverage and
provide a stable framework for subsequent layer deposition
[10]. Moreover, the TiO» layer is deposited using physical or
chemical methods like sputtering, spin coating, or Atomic
Layer Deposition (ALD), followed by thermal treatment to
obtain the anatase phase. Depending on the deposition route,
film continuity, grain size, and surface roughness can be
adjusted, which directly affects the uniformity of the
deposited layer.

In addition, interfacial adhesion between adjacent layers is
influenced by deposition environment and precursor
chemistry, which can influence layer continuity during
thermal processing. Therefore, careful control of deposition
sequence and annealing conditions is required to ensure
reproducible multilayer formation. Hybrid approaches that
combine colloidal assembly with thin-film deposition enable
multilayer integration under relatively flexible processing
conditions. Process parameters such as deposition rate,
particle dispersion, and annealing temperature critically
influence layer continuity and structural reproducibility [8,
10].
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IV. SYNERGISTIC PROPERTIES AND THEIR IMPLICATIONS
FOR APPLICATIONS AND CHALLENGES

A. Synergistic Photonic and Interfacial Effects

The TiO»/SiO, heterostructure integrates optical
modulation and interfacial functionality within a single
multilayer architecture. This is derived from the cooperative
contribution of periodic dielectric structuring and chemically
defined interfaces [2, 5].

Compared with conventional TiO, thin films, the
heterostructure exhibits more efficient utilization of incident
photons and more effective carrier utilization within the
active region. The multilayer configuration improves spatial
distribution of optical excitation, while the interface design
stabilizes charge transport pathways across adjacent layers.
In addition, the SiO, framework provides structural support
that helps maintain integrity of the multilayer stack under
processing and operation conditions [8]. The system
advantage arises from the coordinated effect of structural
arrangement and interface design rather than a single
functional component.

B.  Application Prospects and Constraints

The TiO,/SiO; heterostructure enables controlled light
utilization and surface-driven reactions. For example, it is
applied in photocatalytic water splitting, wastewater
purification, and environmental pollutant degradation [1, 2].
Besides, the structure is relevant to UV detection, optical
filtering, and compact photonic components, where spatial
control of optical response is required [6, 7].

Despite these advantages, practical implementation is
limited by fabrication requirements. Notably, multilayer
uniformity, thickness precision, and long-range ordering
remain challenging, especially for scalable production. In
addition, the reliance on UV-active TiO, restricts spectral
utilization, and further material engineering is required to
extend functionality toward visible-light conditions, as
shown in Table 1 [1, 3, 11].

Table 1. Comparison of properties between pure TiO, thin film and
Si0,/Ti0,/Si0, heterostructure

Property Pure :::loni Thin Si0,/Ti0,/SiO, Heterostructure
Light utilization Limited Improved utilization via

absorption range multilayer design

Enhanced overall reaction
efficiency

Photocatalytic

Moderate activity
performance

High
recombination loss

Reduced loss through interfacial
architecture

Stabilized by SiO: framework

Carrier utilization

Structural stability Prone to cracking

Fabrication . Multilayer process with strict
. Simple process
complexity control
Scalability Relatively easy ~ Limited by structural precision
Cost Low Higher due to nanoscale

engineering

V. CONCLUSION

This paper reveals that embedding ultrathin anatase TiO,
films between thick SiO, layers enables the construction of
an advanced photonic crystal heterostructure with greatly
enhanced optical and photocatalytic performance. And the
synergistic  integration of self-assembly, molecular
engineering, and heterojunction design leads to improved
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light trapping, more efficient electron-hole separation, and
favorable surface properties, thereby strengthening light-
matter interactions compared with conventional TiO;
photocatalysts. Despite these advantages, the fabrication
process requires precise nanoscale ordering and strict control
of layer thickness, which increases experimental complexity,
while the scalability of highly ordered structures remains
challenging for large-area production. Future effort should
thus prioritize the development of visible-light-active
materials, scalable and economically viable fabrication
methods, and more sophisticated nanoscale engineering
strategies. With continued progress in these directions,
TiO,/SiO> photonic heterostructures may offer wider
applications for environmental, energy, and optoelectronic
technologies.
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