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Abstract:

Metal oxide nanostructures such as TiO2, SnO2, ZnO, and Fe2Os play a central role in modern solar cells due to their chemical stability, high transparency, tunable
band positions, and ability to efficiently transport photogenerated electrons. However, their performance is critically influenced by the presence of surface defects,
which are unavoidable in nanoscale materials. Common defect types—including oxygen vacancies, metal interstitials, grain boundaries, and surface hydroxyl
groups—create localized electronic states within the bandgap. These defect states significantly affect electron transport, promote trap-assisted recombination, and

modify optical absorption characteristics.

In solar cell architectures, such defects can impede efficient charge extraction, reduce the electron diffusion length, and distort band alignment at interfaces. As a
result, photovoltaic parameters such as short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and overall power conversion efficiency are
adversely affected. Excessive surface defects typically increase recombination losses and limit carrier mobility, while controlled defect engineering may enhance

conductivity or facilitate dye/perovskite adhesion depending on the material system.

Effective defect management—through doping, surface passivation, controlled annealing, and interface engineering—has emerged as a key strategy to optimize
electron transport layers and maximize device efficiency. Understanding the interplay between defect chemistry and charge dynamics is therefore essential for

developing more efficient, defect-tolerant, and stable solar cell technologies.

1. Introduction

Metal oxide nanostructures are among the most widely employed semiconductor materials in photovoltaic systems due to their advantageous
physicochemical properties, including optical transparency, wide bandgaps, strong thermal stability, and tunable electronic structures. TiOz, SnO2, ZnO,
and Fe:0s remain particularly important as electron-transport layers (ETLs), photoanodes, or scaffold materials in dye-sensitized solar cells (DSSCs),
perovskite solar cells (PSCs), and photoelectrochemical devices [1-4]. Their nanoscale forms—nanoparticles, nanorods, mesoporous films, and
hierarchical structures—enhance surface area, support efficient electron injection, and enable rapid charge transport. However, the functional performance
of these materials is highly sensitive to surface and interface defects, which become increasingly pronounced as particle dimensions shrink to the

nanoscale.

Surface defects such as oxygen vacancies, metal interstitials, undercoordinated surface ions, grain boundaries, and hydroxyl functional groups are intrinsic
to metal oxide nanocrystals and strongly influence their electronic and optical behavior [5—7]. These defects introduce localized electronic states within
the bandgap, which can modulate electron mobility, facilitate trap-assisted recombination, and alter conduction band alignment at semiconductor
interfaces. As a result, charge injection efficiency, electron diffusion length, and interfacial recombination rates can be significantly affected, causing
measurable changes in photovoltaic parameters including the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and overall

power conversion efficiency (PCE) [8-11].

While uncontrolled defect formation is generally detrimental—leading to enhanced recombination and reduced device stability—appropriate defect
engineering can be beneficial. Controlled oxygen vacancy tuning may increase conductivity, surface hydroxylation can improve dye anchoring, and
moderate doping can shift energy levels to improve band alignment [12—-15]. Emerging strategies such as atomic-layer-deposited passivation layers,
halide treatments, doping with aliovalent cations (Nb, Y, F, Al), and surface chemical treatments have shown substantial improvements in minimizing
deep trap states and stabilizing interfacial charge transport [16—19].

Understanding the interplay between defect chemistry, charge-transfer kinetics, and photovoltaic performance is therefore essential for designing
optimized metal oxide nanostructures for next-generation solar cells. This review systematically examines the types, origins, and electronic consequences
of surface defects in metal oxides, discusses their impact on key photovoltaic parameters, and highlights advanced strategies for controlled defect
passivation. Insights from recent studies offer a unified perspective to guide the development of defect-tolerant, high-efficiency, and long-term stable

solar energy devices.
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2. Types of Surface Defects in Metal Oxide Semiconductors and Their Influence on Solar Cell Performance

Surface defects in metal-oxide semiconductors such as TiO2, SnO:, ZnO, and Fe:0;s play a decisive role in defining their suitability for photovoltaic
applications. Among these, oxygen vacancies, metal interstitials, cation/anion antisites, surface hydroxyl groups, dangling bonds, and grain-boundary
disorder are particularly relevant because they directly modulate band-edge alignment, charge carrier mobility, recombination kinetics, and light-
absorption characteristics [20-23]. Oxygen vacancies, for instance, introduce shallow donor states that can enhance electrical conductivity to some extent,
but at higher densities, they promote electron trapping and act as recombination centers that hinder efficient charge extraction [24]. Metal interstitials and
antisite defects tend to form deep energy states inside the bandgap, causing significant recombination losses, while surface —OH groups can either
passivate dangling bonds or, when excessive, induce trap-assisted charge scattering that reduces electron transport [25]. These intrinsic and extrinsic
defects are strongly dependent on synthesis method, annealing temperature, and surface chemistry, making defect control central to optimizing the
semiconductor—electrolyte or semiconductor—absorber interface in solar cells.

The mechanisms by which defects influence photovoltaic behavior revolve around three principal processes: electron transport, recombination, and photon
absorption. When defects generate localized states near the conduction band (as in TiO: or Sn0O:), they act as electron traps, slowing the electron diffusion
coefficient and increasing transport resistance, which ultimately reduces the short-circuit current density (Jsc) [26]. Deep-level defects located mid-gap
are even more detrimental because they enable Shockley—Read—Hall recombination, shortening carrier lifetime and reducing both open-circuit voltage
(Voc) and fill factor (FF) due to enhanced non-radiative pathways [27]. Defects also distort the local electric field at the interface, lowering the built-in
potential and causing band bending fluctuations that further suppress Voc. Meanwhile, optical absorption can be either enhanced or diminished: moderate
oxygen vacancy concentrations in Fe-Os or ZnO can induce sub-bandgap absorption that slightly broadens the light-harvesting range, whereas excessive
vacancy levels create parasitic absorption and free-carrier losses that reduce overall efficiency [28]. Thus, the interplay between defect-assisted conduction
and defect-induced recombination defines the delicate balance controlling photovoltaic output.

In TiO2-based solar cells, oxygen vacancies and undercoordinated Ti** states remain the dominant defect species. These defects increase electron density
but simultaneously introduce trap states that slow charge transport through the mesoporous network, reducing Jsc and FF. Studies have shown that
annealing-induced removal or passivation of Ti** centers improves electron mobility and suppresses recombination, resulting in enhanced Voc and overall
device efficiency [29]. SnO:, in contrast, naturally exhibits higher bulk mobility but suffers from abundant surface oxygen vacancies that cause high
interfacial recombination with dyes, perovskites, or quantum dots. These defects shift the Fermi level upward, leading to unfavorable band alignment that
reduces Voc. Controlled doping or ultra-thin passivation layers are therefore essential to mitigate the high density of Sn-related defect states [30]. ZnO
experiences both bulk and surface instabilities, especially due to Zn interstitials and O vacancies that generate strong non-radiative recombination, limiting
Jsc. Its chemical reactivity and tendency to dissolve under acidic conditions exacerbate defect formation during device fabrication, making surface
stabilization critical [31]. Fe-Os (hematite), though attractive for solar energy conversion, naturally contains a high density of oxygen vacancies that
restrict minority-carrier diffusion lengths to only a few nanometers. These defects cause severe recombination and voltage loss, explaining the
characteristically low Voc (~0.2-0.5 V) in Fe:0s-based devices [32]. Together, these case studies highlight how defect chemistry differs substantially
across metal oxides while leading to universally adverse effects when uncontrolled.

Given the substantial impact of surface defects on solar cell operation, defect engineering has emerged as a powerful strategy for performance
improvement. Approaches such as controlled annealing, chemical passivation, heterostructure formation, atomic-layer deposition (ALD) coating, and
intentional doping are commonly employed. Annealing can remove shallow traps and restore lattice order, while dopants such as Nb in TiO: or F in SnO-
can raise electrical conductivity without introducing harmful deep-level states. UL thin passivation layers—including Al-Os, MgO, or ZnS—effectively
neutralize surface dangling bonds, suppress recombination, and optimize band alignment, leading to significant improvements in Voc and FF [33].
Additionally, ligand treatment, plasma modification, and defect-healing via reductive/oxidative chemistry offer precise control over defect concentration
at the nanoscale. For Fe:Os specifically, strategies such as Ti doping, oxygen-rich annealing, and surface overlayer deposition help alleviate recombination
bottlenecks and extend charge-collection length [34]. Thus, well-executed defect engineering not only enhances charge selectivity and reduces

recombination but also stabilizes operational parameters, enabling meaningful improvements in efficiency across diverse solar cell architectures.

3. Mechanisms Affecting Electron Transport

Electron transport in metal oxide nanostructures is strongly governed by the energetics and spatial distribution of surface defects, which influence transport
through trap-mediated hopping, band-edge fluctuations, and scattering phenomena. In well-crystallized oxides, electrons travel through extended
conduction band states with relatively high mobility; however, the introduction of oxygen vacancies, cation interstitials, and boundary defects disrupts
the percolation network by creating localized states that act as temporary trapping sites. When electrons are captured by shallow traps, they must be
thermally re-excited back into the conduction band, leading to a characteristic trap-limited diffusion regime where mobility is substantially reduced. Deep
traps introduce even more severe consequences by acting as strong recombination centers that shorten electron lifetime and create substantial losses
during transit across the oxide scaffold. Furthermore, the presence of charged defects induces local electric fields and band bending, which alter the
driving force for electron extraction and can cause spatial variations in carrier drift velocities. These processes are compounded in nanoporous or
polycrystalline films, where grain boundaries accumulate defect charges that hinder continuous electron percolation and promote recombination via
interface-mediated pathways. Collectively, these electronic perturbations transform the oxide from a moderately efficient electron-transport layer into a
kinetically hindered medium where transport is dominated by repeated capture—release events, energy dissipation, and scattering processes that

significantly impair overall photovoltaic performance [35].
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4. Impact on Jsc, Voc, FF, and Efficiency

The influence of surface defects on photovoltaic parameters becomes particularly apparent when examining the interplay between carrier lifetime,
mobility, and recombination dynamics under operating conditions. The short-circuit current density (Jsc) is strongly dictated by electron diffusion length
and extraction probability; thus, any defect-induced trapping or recombination reduces the effective number of carriers reaching the collecting electrode.
High trap densities create bottlenecks for photogenerated carriers, increasing series resistance and limiting photocurrent output, a trend consistently
observed in DSSCs and perovskite solar cells employing defective oxide layers. The open-circuit voltage (Voc) is even more sensitive to deep defect
states because these states facilitate non-radiative recombination pathways that reduce the quasi-Fermi level splitting between electrons and holes. Studies
consistently show that defect-rich oxides exhibit depressed Voc values due to enhanced interfacial and bulk recombination that lower the steady-state
carrier concentration. The fill factor (FF) is impaired by both series resistance arising from trap-limited electron mobility and shunt pathways created by
defect clusters or interface states that promote recombination under forward bias. These factors distort the J-V curve shape, lowering both its slope and
curvature in critical regions. Ultimately, the power conversion efficiency (PCE) becomes a direct reflection of the underlying defect chemistry, with
significant performance losses originating from the cumulative impact of suppressed Jsc, reduced Voc, and degraded FF. Therefore, surface defect control
is essential not only for improving individual electronic parameters but also for achieving stable, long-term photovoltaic performance across various

device architectures [36].

5. Case Studies: TiOz, SnOz, ZnO, Fe:0s

The impact of defects manifests uniquely within different metal oxides, largely due to differences in band structures, defect formation energies, and
chemical stability. In TiO:, oxygen vacancies lead to the formation of Ti** centers, which act as shallow donors that increase conductivity but also
introduce localized trap states that slow electron transit through mesoporous networks. Excessive Ti** formation is correlated with increased
recombination and lower Voc in DSSCs and perovskite solar cells. SnO: exhibits inherently high electron mobility; however, its surface is densely
populated with oxygen vacancies and Sn defect states that raise the Fermi level, resulting in unfavorable band alignment with perovskite absorbers. These
defects increase interfacial recombination, often lowering Voc more severely than in TiOz-based devices. ZnO is particularly prone to Zn interstitials and
oxygen vacancies that generate deep traps responsible for severe electron—hole recombination and chemical reactivity with perovskite precursors. Such
reactions lead to interfacial degradation, reduced photocurrent, and instabilities that limit practical use despite its high mobility. Fe.Os, by contrast, is
hindered by inherently short minority-carrier diffusion lengths caused by a high density of deep-level defects and strong electron—phonon interactions.
Surface states in Fe-Os create upward surface band bending that slows electron extraction and increases interfacial recombination, resulting in Voc values
among the lowest for metal-oxide-based solar absorbers. Across all these oxides, case studies confirm that defect populations strongly dictate carrier

transport pathways, interfacial energetics, and long-term stability, reinforcing the central role of defect engineering in performance optimization [37].

6. Defect Engineering Strategies

Recognizing the detrimental effects of surface defects, researchers have developed a suite of defect-engineering strategies capable of tuning the electronic
structure, passivating deep traps, and optimizing interfacial charge dynamics. Thermal annealing in oxygen-rich atmospheres is one of the most effective
methods for healing oxygen vacancies and restoring stoichiometric lattice structures, thereby enhancing electron mobility and improving Voc. Chemical
passivation approaches, such as depositing ultra-thin Al:Os, MgO, or ZnS layers, neutralize surface dangling bonds and suppress interfacial recombination.
Halide treatments—using Cl, F~, or Br™ containing precursors—can selectively passivate both shallow and deep traps while modifying surface dipole
orientation to enhance band alignment. Doping strategies introduce aliovalent ions such as Nb** in TiO:, F~ in SnO:, or Ga** in ZnO, which not only
modify carrier density but also reduce defect formation energy and suppress deep trap creation. More advanced techniques including atomic layer
deposition (ALD) allow precise, conformal coating of oxide surfaces, producing highly controlled passivation layers that dramatically improve
perovskite/oxide interface stability. Emerging plasma treatments, ligand-passivation routes, and heterostructure formation with graphene, MXenes, or
organic interlayers enable even finer control of trap energetics and electron extraction pathways. These engineering approaches collectively demonstrate
that the strategic manipulation of surface defects is not merely corrective but can actively enhance charge mobility, suppress non-radiative recombination,
and significantly elevate the overall photovoltaic efficiency and stability of metal-oxide-based solar cells [38].

7. Conclusion

The role of surface defects in metal oxide nanostructures is fundamental to understanding and optimizing their function as electron-transport layers in
advanced solar cells. Across TiO2, SnO2, ZnO, and Fe:0s, these defects dictate electron mobility, recombination kinetics, interfacial energetics, and
ultimately the photovoltaic output of the device. The evidence presented throughout this work clearly shows that oxygen vacancies, cation interstitials,
grain-boundary states, and surface adsorbates collectively shape the trap landscape that governs charge dynamics. Their presence induces trap-limited
diffusion, enhances non-radiative recombination, and modifies band alignment—effects that directly suppress Jsc by reducing extraction efficiency,
decrease Voc through diminished quasi-Fermi level splitting, and lower FF via elevated series resistance and enhanced carrier loss pathways. These
interconnected mechanisms reveal that the overall power conversion efficiency of oxide-based solar architectures is, in many cases, a direct manifestation

of the oxide’s defect chemistry.
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At the same time, careful examination of case studies demonstrates that each oxide responds uniquely to defect formation due to differences in intrinsic
electronic structure and defect formation energies. While TiO: suffers primarily from Ti**-associated trap states, SnO: is dominated by high vacancy
densities that distort its band alignment with perovskite absorbers. ZnO exhibits deep-level traps and poor interfacial stability, whereas Fe.Os experiences
fundamentally limited carrier transport due to ultrashort diffusion lengths caused by dense defect populations. These insights aftirm that defect engineering
cannot be approached generically but must be tailored to the specific defect physics intrinsic to each material system.

Encouragingly, advancements in defect management strategies—including thermal healing, chemical passivation, halide bonding, dopant incorporation,
and atomic-layer deposition—demonstrate that defect populations can be systematically controlled. Such interventions yield substantial improvements in
conductivity, interface quality, and recombination suppression, enabling measurable gains in Jsc, Voc, FF, and overall device stability. As solar cell
technologies continue to mature, especially in perovskite and dye-sensitized architectures, the precision engineering of oxide defect landscapes will
remain a central pathway to enhancing both performance and long-term operational durability. The cumulative research trajectory indicates that future
breakthroughs will arise from integrating real-time defect diagnostics with atomic-level surface modification to create oxide interfaces that are
electronically benign, thermally stable, and functionally optimized for next-generation photovoltaic systems [39].
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