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Role of nanostructured interfaces in photovoltaic and sensing applications 
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 Nanostructured materials are at the forefront of device and materials physics 
research due to their novel and favorable characteristics that offer the potential of 
surpassing previously achieved device efficiencies. This dissertation explores such 
materials, with specific focus on their interfacial properties, which could be implemented 
in semiconductor devices, including photovoltaics and highly responsive sensors. The first 
project in the dissertation focuses on an investigation of the potential of hybrid organic-
inorganic Perovskite thin films as luminescent solar concentrators. Luminescent solar 
concentrators were first explored as an alternative to solar cells in the 1970s, and typically 
consist of high refractive index substrates doped with fluorescent materials, used to absorb 
incident sunlight and down-convert solar radiation which is subsequently collected by a 
solar cell attached to the edge of the luminescent solar concentrator. Commonly 
implemented materials have encompassed fluorescent dyes and quantum dots, but have not 
yet exceeded the device efficiencies of solar cells, and these fluorophores suffer from 
limited stability, narrow absorption spectra and low quantum yield. Therefore, hybrid 
Perovskite thin films possess a range of characteristics that render the material suitable for 
luminescent solar concentrators: it demonstrates a broad absorption spectrum, high 
refractive index of 2.5 which is significantly higher than typically used glass or polymer, 
and quantum yield reaching 80%, the combination of which is promising for efficient 
confinement of re-emitted light. In this work, hybrid Perovskite thin films are successfully 
implemented as luminescent solar concentrators, with optical efficiency reaching 29%, 
whereas the devices remain operational after 7 weeks of storage in ambient conditions 
underling the stability of optical properties of hybrid Perovskite thin films. Furthermore, 
the study extends to an investigation of different Perovskite compositions to identify the 
optimum precursor and thickness for high device performance, reaching optical 
efficiencies of 34.7% for 150-300 nm thick samples. 3D Monte Carlo simulations have 
demonstrated the scalability of these devices up to 100 cm in length, further establishing 
hybrid Perovskite thin films as successful candidates for optoelectronic devices. 
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 The second project in the dissertation investigates the interaction of hybrid 
Perovskite thin films with ZnO substrates of varying degrees of surface roughness, as these 
are often used in Perovskite solar cells. The goal of this study is to complete a systematic 
investigation of the effects of the ZnO substrate on the excitonic properties of the hybrid 
Perovskite thin films, as most of the current research focuses on device studies and 
performance, whereas understanding of the fundamental processes occurring at the 
interface and how these can be tuned by tailoring the interface morphology is somewhat 
limited. The work performed here has produced some surprising results. While single 
crystalline ZnO substrates appear to perform best as electron extraction layers and are thus 
suited for implementation in a solar cell, substrates of higher surface roughness, such 
nanostructures and microstructures, have the opposite effect and result in confinement of 
electron-hole pairs within Perovskite grains. This conclusion is reached through electron 
microscopy studies correlated with charge transfer properties, probed via temperature, 
power, and time-resolved photoluminescence (PL). ZnO single crystal/hybrid Perovskite 
thin film interfaces show quenched PL intensity and reduced recombination lifetime as 
compared to a control sample of hybrid Perovskite thin film on glass, both indicative of 
efficient electron transfer between the two materials. On the other hand, microstructured 
ZnO/hybrid Perovskite thin film interfaces show a mild enhancement of the PL signal at 
room temperature, whereas nanostructured ZnO/hybrid Perovskite thin film interfaces 
demonstrate a 30 thousand-fold enhancement of the PL while significantly reducing the 
recombination lifetime. These results vary with temperature, indicate that with increasing 
substrate roughness, the Perovskite grain size is reduced and some grain separation is 
observed, further supporting the result that excitons are confined within individual grains 
which is deleterious to both electron transport and electron transfer. As a result, this work 
provides evidence of tuning of Perovskite excitonic properties using the substrate and can 
be leveraged for various types of applications depending on the end-goal.  
 The third project in this dissertation is a study of the enhancement of magneto-
optical properties of hematite nanowires using excitation of localized surface plasmon 
resonance of Au nanoparticles (NPs). Magneto-plasmonics is a recent area of research 
which combines the properties of magnetism and plasmons to produce devices of superior 
performance. The basic premise is to leverage the increased local electric field of 
plasmonic NPs to enhance the magneto-optical response of ferromagnetic materials, or to 
use the magnetization of the ferromagnetic material to produce a narrower plasmon 
resonance that would be more sensitive to changes in the surrounding medium. While 
significant portion of magneto-plasmonic research has been focused on ferromagnetic 
metals, metal oxides offer some benefits over metals, such as superior stability and lower 
optical losses. Among iron oxides, hematite is the most abundant material and is low cost, 
while a breadth of techniques is available to fabricate various types of nanostructures. This 
enables the preparation of nanowires which offer the possibility of enhanced magneto-
optical properties compared to a hematite film due to shape and magnetic anisotropy. As a 
result, this work shows that Kerr rotation can be observed using hematite nanowires, which 
was previously thought unlikely due to their weak ferromagnetism at room temperature, 
and decorating the nanowires with AuNPs results in enhanced Kerr rotation when the 
optical excitation is spectrally matched to the localized surface plasmon resonance (LSPR) 
of the AuNPs. Some dependence on the loading of AuNPs is observed, as lower loading of 
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AuNPs is beneficial for enhancing the real part of Kerr rotation – changing the angle of 
polarization the reflected light – whereas higher loading has a greater effect on the 
imaginary part of Kerr rotation – the ellipticity of reflected light. The outcomes of this 
work are important in demonstrating that hematite can be implemented in sensing 
applications when combined with plasmonic nanoparticles to improve performance.  
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Chapter 1 
 

Motivation and overview 
 

 This dissertation is focused on using optical spectroscopy techniques to 
characterize the quality of nanomaterials and to understand the physical processes at their 
interfaces to improve the understanding and performance of novel photovoltaic and sensing 
devices. This chapter offers the motivation for the work described in this dissertation. The 
physics and scientific background behind the concepts discussed in this dissertation are 
explained in chapter 2, and chapter 3 discusses the experimental techniques that are used 
to obtain the results described in this dissertation. Chapters 4 through 6 describe the work 
performed and chapter 7 offers a summary and conclusion.  

 The first project discussed here is the study of hybrid Perovskite (PVSK) thin films 
as luminescent solar concentrators (LSCs). LSCs are typically high refractive index 
photoluminescent materials which absorb sunlight and re-emit at a lower energy, 
waveguiding the emitted light to the edge of the LSC, to which a solar cell is attached. 
Since the area of an LSC is larger than that of the solar cell, it results in a concentration 
effect. LSCs offer benefits of low cost due to the cheaper materials used, and the smaller 
sizes of solar cells implemented, whereas the emission of the LSC can be engineered to 
spectrally match the absorption of the solar cell. Furthermore, LSCs offer ease of 
fabrication compared to solar cells. However, the efficiency of LSCs has been limited, with 
maximum optical efficiency reaching 40 % using Lumogen F Red dye in polymer. 
Common materials for LSCs include dyes which suffer from photobleaching, and narrow 
absorption spectra, and quantum dots which have undergone extensive studies to eliminate 
toxicity, and photodegradation, but they still oxidize and suffer from low quantum yield 
which has prevented high efficiencies. Therefore, the need for new materials for LSCs is 
still present in order to generate efficient devices. PVSKs possess a few favorable 
properties that are desired in LSC materials; they have demonstrated impressive quantum 
yield, high refractive index, and broad absorption spectrum. Chapter 4 describes the results 
obtained from this project. PVSK LSCs achieved high optical efficiencies reaching up to 
29 %, with devices remaining operational after 7 weeks of storage in ambient conditions. 

 The second project focused on a systematic study of the effect of surface roughness 
of ZnO substrates, typically implemented as electron transport layers in PVSK solar cells, 
on the excitonic properties of PVSK thin films. The motivation for this project was that 
despite the prominence of PVSK thin films in solar cell research and the study of the PVSK 
material itself, studies on the impact of the electron transport layer structure on the PVSK 
thin film have been limited. Therefore, a thorough investigation of the interaction between 
the two materials, both in terms of electron transfer or of the effect on the material itself 
would provide guidelines on optimum solar cell architecture to achieve high efficiency. 
The results are described in chapter 5, where three types of ZnO substrates, nanostructured, 
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microstructured, and single crystalline, were used as substrates for PVSK thin films and 
characterized using optical spectroscopy. Optimum substrates for different types of 
applications were identified, with the ZnO single crystal acting as an efficient electron 
extraction layer, and the ZnO nanostructure as an amplifier of the PVSK emission. 

 The third project studied the interaction of Au nanoparticles and hematite 
nanowires for the purpose of improving the magneto-optical properties of hematite 
nanowires, which could prove useful in a variety of applications, including data storage 
and optical sensors. Significant research effort has focused on improving the magneto-
optical properties of various materials, which inclusion of plasmonic nanoparticles rising 
to prominence in recent years, as excitation of plasmon resonance and enhancement of the 
local field has shown to lead to improved magneto-optical properties. Materials that have 
been usually incorporated in such devices have included ferromagnetic metals for their 
magneto-optical properties, and Au thin films or nanoparticles for their superior stability 
and plasmonic properties. More recently, metal oxides which demonstrate magneto-optical 
properties have been identified as a better composite of such magneto-plasmonic 
heterostructures due to their stability and lower optical loss. Among metal oxides, hematite 
is a promising component due to its abundance and low cost. Nevertheless, its use in 
magneto-optical devices has so far been limited, due to limited understanding of its 
magneto-optical properties and low magnetization. Consequently, in this project we 
investigated the magneto-optical potential of hematite nanowires, and the effect of Au 
nanoparticles on the magneto-optical properties of hematite. Chapter 6 discusses the results 
obtained, which indicate strong coupling occurring between the two materials, with Au 
nanoparticles successfully enhancing the magneto-optical performance of hematite 
nanowires after excitation of the plasmon resonance.  
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Chapter 2 
 
 

Review of materials: properties and 
characteristics 

 
 In this chapter, the properties and characteristics of the materials discussed in this 

dissertation are described, including hybrid organic-inorganic Perovskite (PVSK) thin 
films, zinc oxide (ZnO), hematite (α-Fe2O3), and gold nanoparticles (Au NPs). 
Furthermore, the physics and applications localized surface plasmon resonance (LSPR) 
seen in metallic nanoparticles are discussed, as well as the magneto-optical effects seen in 
ferromagnetic materials, and how the two phenomena can be combined to achieve 
magneto-plasmonic coupling. The chapter first presents the optical and electrical properties 
of PVSK thin films, followed by a discussion on the optical and electrical properties of 
zinc oxide, and how they can be modified in the case of nanostructures. This is followed 
by a brief explanation of the operation of PVSK photovoltaics and luminescent solar 
concentrators, as well as the concept of exciton binding energy and its implications on 
device operation. Similarly, the optical, electrical, and magnetic properties of hematite are 
presented both for bulk and nanowires, followed with a discussion on magneto-optical 
phenomena in ferromagnetic materials, with a focus on iron oxides. The optical properties 
of Au NPs are also discussed, followed by an analysis on LSPR seen in Au NPs. The 
chapter concludes with a discussion on the physics behind magneto-plasmonic coupling, 
which can be achieved via a combination of Au NPs and hematite nanowires.  
 
2.1 Hybrid organic-inorganic Perovskite thin films 
 
2.1.1 Crystal Structure 
 
 Hybrid metal halide PVSK materials are characterized by the structure ABX3, 
where A is a monovalent organic cation, often methylammonium (MA) but more recently 
formamidinium (FA) and cesium have been used, B is a metal cation, usually lead, and X 
is a halide anion, such as iodide, chloride or bromide.[3] The crystal structure of PVSK 
changes with temperature. At low temperatures, it is characterized by orthorhombic 
structure, above ~140 K it has a tetragonal phase, and when heated over 330 K, it has a 
cubic structure. [3] The room temperature structure of MA-based PVSK is depicted in 
figure 1. 
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Figure 1. Room temperature crystal structure of MAPbI3. Reproduced from reference [3] 
with permission. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
 The PVSK materials typically employed in applications are of the form 
CH3NH3PbI3-x-yBrxCly and combine beneficial characteristics of the organic and inorganic 
components. Due to the former, highly crystalline PVSK films can be fabricated from 
solution processing at low temperatures and the bandgap of the resulting films can be 
altered by modifying the halide content of the precursor. Moreover, the material 
demonstrates high photoluminescence lifetimes and yields, and demonstrates high carrier 
mobility and long carrier lifetime, which allow for long carrier diffusion lengths.[3] 
 
2.1.2 Electronic characteristics 
 
 The optical gap of MAPbI3 has been estimated using optical absorption at room 
temperature to be ~1.6 eV,[4] which is smaller than the bandgap by an amount equal to the 
exciton binding energy. In all three phases MAPbI3 is a direct-gap semiconductor.[5–7] 
This is beneficial for light absorption as it does not require any aid by phonons in the 
material and therefore, charge carrier generation is efficient.[8] The absorption coefficient 
has been estimated to be ~105 cm-1, constituting MAPbI3 as one of the most efficient 
photovoltaic (PV) materials in terms of light absorption.[8] The valence band of MAPbI3 
is mostly comprised of iodide p-states, whereas antibonding iodide p- and lead s-states 
contribute near the valence band maximum.[8] On the other hand, the conduction band 
mostly includes lead p-states, as expected by an ionic material.[8] Due to the presence of 
large atoms in MAPbI3 strong spin-orbit coupling affects the band structure,[9] and reduces 
the band gap by ~1 eV, also reducing the effective masses.[9,10] The MA cation interacts 
non-covalently with the rest of the ions and fills the space between PbI6 octahedra, allowing 
for PVSK structure to form at room temperature, which is not the case for all-inorganic 
PVSKs. Therefore, the organic molecule serves as a scaffold for the inorganic ions and 
produces optimal bond lengths that result in smaller bandgap and lower effective 
masses.[8] 
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 Diffusion coefficients in MAPbI3 have been found to be 0.05 – 0.2 cm2s-1 and 
charge carrier mobility is in the range of 1 – 30 cm2V-1s-1 for polycrystalline films.[8] 
Nevertheless, even though charge carrier mobility is moderate, the long charge carrier 
lifetime (up to >1 µs) ensures long diffusion lengths under illumination. The moderate 
mobility observed in MAPbI3 has been attributed to lattice fluctuations which could act as 
a scattering mechanism.[8,11] Trap energies and densities in PVSK films have been 
estimated; shallow traps are present at ~0.2 eV from the band edge with density of 1016  

cm-3 and deep traps of ~0.5 – 0.7 eV in the bandgap, with density of 1015 cm-3, are present 
in MAPbI3 films.[12–14] Grain boundaries have been found to reduce the 
photoluminescence efficiency of PVSK films and this reduction has been associated with 
deep trapping at the boundaries and significantly increased trap density at the grain 
boundaries compared to the bulk.[8,15] The transport properties of PVSK films are 
significantly influenced by the synthesis and processing techniques involved in their 
preparation. MAPbI3 prepared based on lead acetate shows a lower defect density than 
MAPbI3 prepared using lead iodide due to the reduced concentration of iodide which 
changes the chemical potential of iodide relative to lead, preventing the formation of deep 
traps.[16] Lead acetate as the lead source resulted in longer diffusion lengths than in films 
prepared with lead iodide, and in similar diffusion lengths as PVSKs prepared with lead 
chloride as the lead source.[16] Furthermore, the lead acetate-based Perovskite PVs 
demonstrated higher open circuit voltage than lead iodide-based devices, providing further 
proof of reduced density of deep traps.[17] 
 
2.1.3 Optical characteristics 
 
 PVSK demonstrates favorable optical properties that make the material so suitable 
for PV applications. It has a broad absorption spectrum with absorption onset near 780 nm 
at room temperature, whereas the bandgap increases at low temperatures due to the change 
in phase of the material.[18,19] The bond lengths and angles are influenced by the phase 
and the distribution of MA in the crystal. Particularly, the Pb-I bond length and angle are 
determining factors for the bandgap of the material. When the ion positions rearrange as 
the material transitions from orthorhombic to tetragonal phase, the cell parameters are 
altered and the bandgap of the material changes accordingly.[19] The absorption spectra 
of PVSK at 300 K and 170 K are depicted in figure 2. PVSK photoluminescence is 
observed near the first excitonic peak of the absorption spectrum, indicating that most 
photophysical properties observed are excitonic processes.[18] The quantum yield (QY) of 
PVSK is impressively high, with films reaching QY values higher than 70 %,[18] and 
PVSK quantum dots reaching QY values of 93 %,[20] or near 100 % when cooled 
down.[21] Consequently, PVSK has been implemented in devices based on its emission 
properties, such as lasers [22] or LEDs [23]. 
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Figure 2. Absorption and emission spectra of CH3NH3PbI3 film at 170 K and 300 K. 
Reproduced from reference [18] with permission. © 2014 Springer Nature. 
 
2.2 Zinc Oxide 
 
2.2.1 Crystal structure 
 
 ZnO is a II-VI compound semiconductor with ionicity at the borderline between 
covalent and ionic semiconductors. ZnO can demonstrate three different crystal structures: 
hexagonal wurtzite, which is the thermodynamically stable phase under ambient 
conditions, cubic zinc blende, which can be stabilized only by growth on cubic substrates, 
and cubic rocksalt, which can be obtained at relatively high pressures.[24] These crystal 
structures are depicted in figure 3 below. 
 

 
Figure 3. Crystal structures of ZnO. (a) cubic rocksalt, (b) cubic zinc blende and (c) 
hexagonal wurtzite. Gray is Zn atoms and black is Oxygen atoms. Reproduced from 
reference [24] with permission. © AIP Publishing. 
 



 

 7 

 The wurtzite structure consists of a hexagonal unit cell with two lattice parameters, 
a and c, that are related by: K

s
= u8/3. The structure is composed of two interpenetrating 

hexagonal close-packed (HCP) sub-lattices, each consisting of one type of atom and 
displaced relative to each other along the c-axis by 3/8.[24] Zinc blende ZnO is metastable 
and can be stabilized by heteroepitaxial growth on cubic substrates, such as ZnS.[25] It is 
composed of two interpenetrating Face Centered Cubic (FCC) sub-lattices shifted along 
the body diagonal by ¼ of the length of the diagonal. There are 4 atoms per unit cell and 
every atom of each type is tetrahedrally coordinated with four atoms of the other type and 
vice versa.[24] Wurtzite ZnO can be transformed to the rocksalt structure at relatively 
modest external hydrostatic pressures. The reduction of lattice dimensions causes the 
interionic Coulomb interaction to favor the ionicity more over the covalent nature.[24] The 
rocksalt structure cannot be stabilized by epitaxial growth. Pressure induced phase 
transition occurs in the range of 10 GPa, associated with a large decrease in volume of ~17 
%.[26] This high-pressure cubic phase has been found to be metastable for long periods of 
time even at ambient pressure and above 100 °C.[26] Since none of the structures possess 
inversion symmetry, the crystal exhibits crystallographic polarity, which dictates the 
direction of the bonds. For the wurtzite structure, the primary polar direction is <0001>. 
Various properties of the material depend on this polarity, such as growth, etching, defect 
generation and piezoelectricity. Therefore, <0001> is the most common direction for 
growth.[24] 
 
2.2.2 Band structure 
 
 The band structure of ZnO consists of three closely spaced valence bands, as shown 
in figure 4, close to the band center (G point). The A, B and C bands are the heavy-hole, 
light-hole and crystal field split-off bands, respectively, and are a consequence of spin-
orbit coupling and crystal field splitting near the band center.[24] The splitting energies 
between the bands are indicated in figure 4. The electronic band structure varies with 
temperature and pressure as the lattice constants change. The temperature dependence of 
the lattice constants of ZnO has been expressed as second-order polynomials:[27] 
       α(T) = 3.2468 + 0.623 × 10i�T + 12.94 × 10i�Td          (1)  
 
    c(T) = 6.2042 + 0.522 × 10i�T + 12.13 × 10i�Td         (2) 
  
The band gap at the G point reduces with increasing temperature, with the dependence 
given empirically by the following expression:[28] 
    E�(T) = E�(T = 0) − �∙��

�h�
              (3) 

 
where α = −5.5 × 10i�	eV/K and β = −900	K for T ≤ 300	K. The band gap is equal to 
3.3 eV at 300 K.[29] On the other hand, the band gap of wurtzite ZnO demonstrates sub-
linear increase with increasing hydrostatic pressure.[30] 
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Figure 4. Splitting energies between the three valence bands in ZnO. Reproduced from 
reference [24] with permission. © AIP Publishing. 

 
2.2.3 Electronic properties 
 
 ZnO is a direct and large band gap semiconductor, which offers multiple benefits 
in its use in electronic and optoelectronic devices. The large band gap allows for high 
temperature and high power applications, low noise generation and the ability to support 
large electric fields. At low electric field, the energy provided to the electrons by the 
applied field is smaller than the thermal energy of the electrons, thus leaving the electron 
energy distribution unaffected and the electron mobility independent of the applied field. 
Hence, Ohm’s law is obeyed.[24] On the other hand, when the energy the electrons gain 
by the external field is substantial, the electron distribution varies from the equilibrium 
case. Therefore, hot electrons are created, with electron drift velocity higher than the 
steady-state value.[24] 
 The main scattering mechanisms that dominate electron transport processes in ZnO 
include: (a) ionized impurity scattering due to deflection of free carriers by the long-range 
Coulomb potentials of the charged centers formed by defects or intentionally doped 
impurities. (b) Optical phonon scattering caused by the interaction of a moving charge with 
an electric field induced by electric polarization associated with lattice vibration. (c) 
Acoustic phonon scattering through deformation potential due to strain caused by acoustic 
phonons that results in energy change of the band edges. (d) Piezoelectric scattering due to 
electric fields generated by the strain associated with phonons in a crystal without inversion 
symmetry. (e) When there is high density of dislocations and native defects in a 
semiconductor, dislocation scattering and scattering through defects is also likely. In the 
case of dislocation scattering, acceptor centers are introduced along the dislocation line and 
capture electrons from the conduction band of an n-type semiconductor. Dislocation lines 
become negatively charged and a space charge region is generated, scattering electrons 
traveling across the dislocations, eventually reducing electron mobility.[24] The highest 
room-temperature electron mobility reported so far for a single crystal of bulk ZnO is 
205	cmdViUsiU with carrier concentration of 6.0 × 10U�	cmi�.[31] However, the 
mobility value has been predicted to be ~ 300	cmdViUsiU by Monte Carlo 
simulations.[32] 
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 Wurtzite ZnO is naturally n-type due to intrinsic or extrinsic defects, which were 
usually attributed to Zn-on-O anti-site, Zn interstitial and O vacancy. Nevertheless, since 
none of the native defects demonstrate high-concentration shallow donor 
characteristics,[33] it is now suggested that the presence of hydrogen during ZnO 
preparation is responsible for the n-type conductivity.[34] Large amounts of hydrogen can 
easily diffuse into ZnO due to its high mobility and subsequently act as a source of 
conductivity and a shallow donor in ZnO.[34]  

2.2.4 Optical properties  
 
 ZnO crystals demonstrate two luminescence bands; high energy band near the 
absorption edge, which is in the ultraviolet part of the spectrum, and a broad low energy 
band, which is usually green,[35] as depicted in figure 5. The UV band has a maximum of 
3.35 eV, decay time of ~ 0.7 ns and is of excitonic nature: free excitons and bound 
excitons.[36] The luminescence intensity of the UV band increases with decreasing 
nanoparticle size, whereas the band half width reduces for increasing particle size.[37] 
Luminescence quenches with increasing temperature as described by:[35] 
 

     I(T) = ��
Uh�X� ¡ ¢£⁄               (4)      

 
where I(T) is the luminescence intensity at temperature T, I0 is the intensity at 0 K, Ea is 
the activation energy and A is a constant. Ea has been estimated to be 59.0 meV for a ZnO 
crystal [37] and 59.7 meV for a ZnO thin film,[38] which agree with the estimated exciton 
binding energy of 60 meV. The position of the UV band changes with temperature, 
according to eq. 3, where Eg(T=0) is 3.360 eV and a is 0.67 meV/K.[39] The concentration 
of free electrons was also found to influence the position of the maximum of the UV band: 
at concentration of 1013 cm-3 the maximum was located at 3.312 eV, but it shifted to 3.27 
eV when the concentration increased to 1018 cm-3 and the change is attributed to a band 
gap width reduction.[40] 
 

 
Figure 5. Typical photoluminescence spectrum of ZnO. Reproduced from reference [41] 
with permission. © 2014 IOP Publishing Ltd. 
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 The origin of green luminescence in ZnO is controversial and has been associated 
with impurity copper ions, zinc vacancies, oxygen vacancies, interstitial zinc ions, oxygen 
anti-sites and transitions, or that various centers contribute to luminescence 
simultaneously.[35] Calculations have been used to demonstrate that green luminescence 
is produced by recombination of conduction electrons by zinc vacancy acceptor levels, 
with the ground level lying 0.8 eV higher than the valence band maximum.[33] Others 
have demonstrated that green luminescence is consequence of electronic transition between 
ground and excited states of a shallow donor to the deep acceptor (zinc vacancy).[42] 
Moreover, an oxygen vacancy origin of green luminescence has been suggested.[43] 
Experimental data places the energy level of oxygen vacancies 0.9 eV above the valence 
band maximum, allowing for green luminescence as shown in figure 6 below. Work based 
on annealing of samples and magnetic resonance has confirmed green luminescence from 
oxygen vacancies.[44] 

 
Figure 6. Recombination mechanism for oxygen vacancy model that results in green 
luminescence (a) at high temperature (~300 K) and (b) at low temperature (<50 K). 
Reproduced from reference [45] with permission. © AIP Publishing. 
 
 Temperature dependence measurements have shown that green luminescence at 
low temperatures occurs via recombination of electrons at interstitial zinc ion centers with 
holes at the oxygen vacancy level, whereas at high temperature conduction band electrons 
recombine with oxygen vacancy holes, since electrons from the interstitial zinc ion levels 
transfer to the conduction band at high temperatures.[45] Exciton transfer to oxygen and 
zinc vacancy levels is also found to occur.[35,44] 

 
2.3 Perovskite photovoltaics 
 
 Perovskite photovoltaics (PPVs) have been suggested as a solution to multiple 
problems currently available PV technologies have to face, such as high financial and 
energy costs and low efficiency that cannot match that of fossil fuel technologies. Due to 
the ease of preparation of PPVs and aforementioned favorable electronic characteristics of 
PVSK films, PPVs have emerged as a possible low cost and efficient PV technology. The 
operating principle of PPVs is different from that of a typical p-n junction Silicon solar cell 
and is summarized in figure 7.[46] Incident solar light excites an electron in the PVSK 
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film, which serves as the light harvesting medium in these devices, to generate an electron-
hole pair. Subsequently, the electrons and holes are separated by transfer to the electron 
transport layer (ETL) and hole transport layer (HTL) that are in contact with the PVSK 
film. ETL is a medium that shows good electron conductivity and blocks holes, whereas 
HTL shows good hole conductivity and blocks electrons from the PVSK layer. Therefore, 
once the electrons and holes reach the respective layers they can be efficiently transported 
to the contacts of the solar cell that are often a transparent conductive oxide on glass and a 
metal contact (Ag, Au, Al, etc.). The presence of ETL and HTL allows Fermi level 
equilibration, which creates a sufficient electric field to extract the charge carriers in the 
device.[46] 
 

 
Figure 7. Operating principle of a PPV. (1) Excitons are generated in the PVSK film by 
incident illumination. (2) Electrons are transferred from the PVSK layer to the ETL. (3) 
Holes are transferred from the PVSK layer to the HTL. Reproduced from reference [46] 
with permission. © The Royal Society of Chemistry 2016. 
 
 Charge separation in the PVSK film can be initiated in two ways; electron injection 
to the ETL or hole injection to the HTL. However, this process is in kinetic competition 
with other processes occurring simultaneously that could reduce the device performance. 
Photo-generated excitons in the PVSK film could be recombined prior to charge separation, 
either radiatively or nonradiatively. Moreover, electrons and holes could recombine with 
holes in the HTL and electrons in the ETL respectively, when close to the interface between 
the PVSK film and the charge carrier transport layer.[46] 
 PPVs were first fabricated in 2009, using MAPbI3 as the light harvester and TiO2 
as the ETL, reaching power conversion efficiency (PCE) of 3.81 %.[47] Soon after a device 
that employed MAPbI3 as both the light harvesting medium and the HTL, based on TiO2 
as the ETL was fabricated, reaching PCE of 7.3 %.[48] The PVSK layer was used in solar 
cells with liquid electrolytes, but was observed to quickly dissolve, leading to the 
fabrication of solid state devices, and the emergence of spiro-OMeTAD as the HTL, 
enhancing the PCE to 9.7 %.[49] In 2012, research groups started reporting PPVs 
fabricated with mixed halide PVSK (CH3NH3PbI3-xClx) that offered greater device stability 
and enhanced charge carrier transport.[10,50] TiO2 had originally been chosen as the ETL, 
not only because of its favorable electron conduction properties, but also due to its 
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mesoporous nature that allowed for higher surface area. Similarly, incorporation of 
insulating Al2O3 as scaffold for deposition of the PVSK layer has been investigated and 
was observed to boost the open circuit voltage (Voc) of the device.[46] Both Al2O3 and TiO2 
were combined to enhance PCE, reaching 12.0 %.[51] Among the various HTL employed 
poly-triarylamine appeared to be one of the best choices.[46] Incorporation of bromide in 
the PVSK precursor was found to enhance the stability of PVSK films in moisture, which 
has been the most major bottleneck PPVs must overcome before they can be 
commercialized. This has been associated with transition of the crystal structure from 
tetragonal to pseudo-cubic due to the smaller ionic radius of bromide.[46,52] PCE of 16.2% 
was achieved by the combination of CH3NH3PbI3-xBrx and poly-triarylamine as HTL and 
TiO2 as ETL.[53] Yttrium-doped TiO2 has been proven to enhance PCE due to its superior 
electron transport properties.[46] 
 Enhanced PCE was achieved when two-step deposition of MAPbI3 was used 
instead of single step deposition, as this improved the morphology of the PVSK film.[54] 
On the other hand, combination of MA and FA in the PVSK layer, lead to efficiency of 
20.1 %,[55,56] whereas mixing MA, FA and Cesium in the precursor has been observed 
to enhance device stability.[57] 
 Interface engineering is an area of major interest in prolonging device lifetime and 
efforts to enhance device stability have included incorporation of metal oxide layers as 
both the HTL and ETL in a device, using Nickel oxide and ZnO films respectively. Such 
devices were still operational 60 days after fabrication.[58] Nevertheless, ZnO-based 
PPVs, or when other metal oxides were used as ETL, have not reached the PCE values 
obtained with TiO2-based PPVs, since most of the work done has been focused on using 
the latter as ETL. However, ZnO offers certain benefits over TiO2: it can be fabricated at 
low temperatures, meaning that flexible PV is possible, whereas nanostructure fabrication 
is easier with ZnO, allowing for different types of device architectures. Therefore, it is 
imperative to study different possibilities for ETL and HTL in order to identify the best 
material for optimum performance and stability. For successful efforts in achieving this, 
understanding of the photo-physical processes occurring at the interface of PVSK film and 
ETL is crucial. 
 
2.4 Exciton binding energy in PVSKs 
 
 Performance of solar cells is dominated by the optical properties of the light 
harvesting medium, especially absorption efficiency, which is dependent on the bandgap 
of the material used. The optical gap of a material can be estimated by the absorption onset, 
which indicates the minimum energy required to create an exciton. Electrons and holes 
experience electrostatic attraction after optical excitation forming bound excitons. Since 
these excitons are localized to the molecule, additional energy is required to form free 
charge carriers, which are responsible for electrical conductivity. This extra energy is the 
exciton binding energy (EB) which is defined by the difference between the bandgap 
(transport gap) of the material and the optical gap.[8] EB can also be considered as a 
measure of exciton stability against thermal dissociation. For efficient PV devices, EB must 
be small as it is the determining factor for the amount of free charge carriers present. EB 
values for MAPbI3 in the tetragonal phase have been derived from various types of 
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experiments, with reported values reaching 55 meV.[18,59–62] Recent magneto-
absorption measurements have yielded an EB value of less than 5 meV at room 
temperature,[63] indicating that thermal energy at room temperature (~25 meV) might be 
sufficient to dissociate the MAPbI3 excitons. Since EB can be a determining factor in the 
performance of a device, systematically tuning the EB would enable fabrication of 
improved devices. EB has been previously altered in core-shell quantum dots, where 
increase in shell thickness reduced EB further, due to greater separation between bound 
electrons in the conduction band of the shell and holes in valence band of the core.[64] 
Theoretical calculations have also confirmed this phenomenon, where increased separation 
of electrons and holes reduces the exciton binding energy in an AlAs/GaAs type-II 
heterojunction.[65] 
 EB has been frequently estimated by fitting equation 4 to temperature dependent 
photoluminescence (PL) data; [66] in this case Ea is EB, I0 is the PL intensity at 0 K and A 
is a constant. Nevertheless, this approach does not take into account the varying 
contributions of bound excitons and free charge carriers in the material, thus giving 
inaccurate EB values.[59] In order to extract more accurate EB values, inclusion of the 
different contributions to PL must be considered. The fraction of free charges (x) to the 
total density of excitation for a 3D semiconductor is given by the Saha-Langmuir 
equation:[59,67] 
 
    Y�
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where µ is the reduced exciton mass (~ 0.15me [60]) and n is the total density of excitation 
and can be expressed as n = nFC + nexc, where nFC is the density of free charge carriers and 
nexc is the density of excitons.[59] According to this expression, as T increases, more free 
charge carriers are present, rather than excitons. It has been estimated that for realistic 
excitation density at room temperature (less than 1015 cm-3), free charge carriers dominate 
the PL signal. However, as temperature decreases, excitonic contributions dominate.[59] 
Based on this model, it is expected that PL intensity will follow a quadratic trend with 
increasing illumination power, due to the non-geminate recombination of free charge 
carriers to generate an emitted photon. On the other hand, emission from bound excitons 
is expected to increase linearly with increased excitation power.[18,68] This distinction 
between linear and quadratic dependence on excitation power can only be observed if the 
incident illumination is pulsed, since for continuous wave illumination charge carrier 
generation and recombination are in dynamic equilibrium, leading to a linear increase in 
PL with excitation power even for free charge carriers.[18,69,70] 
 
2.5 Luminescent solar concentrators (LSCs) 
 
 LSCs are made of glass or plastic substrates doped with some luminescent species 
that absorb incident light and re-emit at a longer wavelength; due to the high refractive 
index of the substrate, the light is confined within the substrate and is transported to the 
edges by total internal reflection where PV cells are attached, as depicted in figure 8.[71–
73] Due to the large ratio between the surface to edge areas of the LSC, there is a 
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concentration effect and the photon density reaching the PV cell is increased. Furthermore, 
by choosing suitable luminescent species, the emission can be matched to the bandgap of 
the PV cell, enhancing the photo-generated current.[74] 
 LSCs offer various benefits, such as low cost, due to the inexpensive substrates and 
small amount of PV material used at the edge.[75] Moreover, LSCs work under both direct 
and diffuse light, negating the need for tracking mechanisms.[71,75] Efficient LSC 
materials rely on high QY and good dispersion of the material over the substrate, among 
other properties. Therefore, the LSC potential of PVSK thin films can be used to assess the 
quality of the films fabricated, since grain boundaries result in non-radiative recombination 
that reduces QY. This can be achieved by estimating the optical efficiency of LSCs:[74] 
 
     η­\Z =

�®¯°∙�±²
�±²∙�®¯°

             (6) 
 
where ILSC and IPV represent the current generated in the PV cell with and without the LSC, 
and APV and ALSC are the areas of the PV cell and LSC respectively. It is expected that the 
higher the optical efficiency, the higher the quality of the PVSK films. 
  

 
Figure 8. Operating principle of a LSC. Reproduced from reference [76] with permission. 
© 2019 IOP Publishing Ltd. 
 
2.6 Hematite 
 
 Hematite is one of the most abundant materials on earth, making it readily available 
and low cost.[77] Furthermore, it is non-toxic and possesses extraordinary environmental 
stability.[77–80] Due to its favorable optical band gap (reported values range from ~1.8 
eV to 2.2 eV), hematite has attracted much scientific interest recently for implementation 
in photoelectrochemical water splitting devices.[77–80] However, since it also possesses 
interesting magnetic properties, work has also been done to better understand its magnetic 
behavior and how it can be leveraged for various applications, although work in this area 
is more limited than work including other types of iron oxides, such as maghemite or 
magnetite, as they exhibit stronger magnetization.[81,82] 
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2.6.1 Crystal structure 
 
 The most thermodynamically stable form of iron oxide under ambient conditions is 
hematite, and therefore it is very abundant and low-cost. Hematite crystallizes in the 
corundum structure, shown in figure 9 below.[77,81,83] The corundum structure is 
trigonal-hexagonal scalenohedral, with lattice parameters 𝑎 = 5.0356	Å and 𝑐 =
13.7489	Å, and has six formula units per unit cell.[77,84] The O2- anions are arranged in 
a hexagonal closed-packed lattice in the [001] direction, whereas the Fe3+ cations occupy 
two thirds of the octahedral interstitial sites in the (001) basal planes, with the tetrahedral 
sites remaining vacant. This arrangement results in formation of FeO6 octahedra with 
common edges with three neighboring octrahedra and a common face with one octahedron, 
which results in trigonal distortion. This is due to repulsion between iron atoms to optimize 
the Madelung energy of the crystal, and as a result there are two different Fe-O bond 
lengths.[77,84] 

 
Figure 9. The unit cell of hematite. Electrostatic repulsion between Fe3+ cations results in 
long and short Fe-O bonds. Reproduced from reference [85] with permission. © AIP 
Publishing. 
 
2.6.2 Optical properties 
 
 The hematite bandgap values vary from 1.9 eV to 2.2 eV depending on the 
fabrication method used.[77] Tauc analysis has shown that hematite exhibits indirect 
bandgap transition, although more recent work has demonstrated direct bandgap due to 
quantum size-effects.[77,86–90] The absorption spectrum of hematite starts from the near-
infrared region of the spectrum, with a smaller absorption coefficient, extending to the 
visible and ultraviolet region, with much higher absorption coefficient at energies higher 
than the bandgap energy.[77,91] The variation in absorption coefficient values with 
wavelength is shown in figure 10.  
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Figure 10. (a) Absorption coefficient of α-Fe2O3 as a function of wavelengths between 200 
nm – 950 nm at 298 K, (b) absorption coefficient of a single crystal of α-Fe2O3 as a function 
of wavelengths between 700 nm – 1100 nm at various temperatures. Reproduced from 
reference [89] with permission. © 1980 Published by Elsevier Ltd. 
 
 Optical absorption of hematite nanoparticles demonstrates a blue-shift in 
absorption along with reduced intensity as the nanoparticle size decreases.[92–95] Blue-
shift in absorption was also seen in hematite nanotubes, with the absorption blue-shifting 
as the length of the nanotubes reduced, whereas variations in the absorption spectrum of 
hematite were also seen with shape changes.[92,96,97] Optical absorption of hematite was 
enhanced by doping with Sn, which distorted the hematite lattice and led to a 2-fold 
improvement of the optical absorption coefficient.[83] 
 However, bulk hematite PL has proven challenging due to the forbidden d-d 
transition, lattice and magnetic relaxations, as well as resonant energy transfer between 
cations.[92,98] PL has been observed due to trap states in nanostructures, as the forbidden 
d-d transitioning rule is relaxed due to quantum confinement effects, along with weaker 
magnetic relaxations that result in long-lived excited states.[92,99,100] Hematite 
nanoparticles have demonstrated fluorescence quantum yield of 10-5, a value indicative of 
fast nonradiative recombination processes, which limit excited state lifetime.[77,94,101]  
Further studies have shown that nanoparticles exhibit very short excited state lifetimes (100 
ps) with the electron relaxation attributed to capture of electrons in oxygen-deficient Fe3+ 
centers.[92,94] Overall, variations in size of nanoparticles showed longer time constants 
for smaller nanoparticles due to size-dependence of steady state absorption of carriers in 
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the extended band that contains Fe 4sp and O 2p orbitals.[92,102] However, changes of 
the shape of nanoparticles did not result in changes of the lifetime.[92,96] Thin films, 
which were about 100 nm thick and eliminated surface states that are present in the case of 
nanoparticles, showed hot electron relaxation in 300 fs and subsequent recombination with 
holes or trap states in 3 ps, with the trap states lasting for hundreds of picoseconds before 
relaxation to the ground state.[77,101] Furthermore, single-crystalline hematite exhibited 
shorter excited state lifetime compared to polycrystalline hematite, which was attributed to 
the defect states in the single crystal being of different nature and absorbing more in long 
wavelengths, dominating the transient response.[92,101] 
 Doping of hematite with Zn, Co, Cr, and Cu did not enhance the excited state 
lifetime.[92,94] While doping with Ti and Sn did not modify the lifetime values, the former 
resulted in higher absorption decay amplitude,[92,103] which was linked to lower electron-
hole recombination, whereas the latter resulted in morphological changes that also did not 
modify charge carrier dynamics.[78,92] Combination of hematite with other metal oxides 
has also been investigated. Combination with WO3 has shown shorter lifetimes due to 
enhanced electron trapping for certain wavelengths, which however the absorption signal 
increased as the probe wavelength approached bandgap values, as it is believed that the 
extraction of surface-trapped holes was promoted.[92,104] Similar results were observed 
for TixOy-doped hematite.[92,105] 
 
2.6.3 Electronic properties 
 
 Early work has shown that hematite possesses low electrical conductivity (10-14 Ω-

1cm-1), conduction electron concentration of 1018 cm-3 at 1000 K, and electron mobility of 
10-2 cm2V-1s-1.[77,106,107] Its conduction is characterized by polaron hopping, meaning 
that mobility increases with temperature.[77,108–110] Hematite single crystals also have 
low electrical conductivity (10-4 Ω-1cm-1) and showed anisotropic electron transport, as 
conduction along the iron bilayer basal plane is up to ten thousand-fold times larger than 
perpendicular directions.[77,111–113] This is attributed to the magnetic structure of 
hematite which results in ferromagnetic coupling of spins in the basal planes and 
antiferromagnetic coupling in the perpendicular direction, forbidding electrons to hop 
across oxygen planes. Consequently, conduction in the [001] direction is only achieved 
through movement of holes (Fe3+-Fe4+ electron transfer) which is significantly 
slower.[77,110] As a result, research has focused on incorporating dopants to enhance 
hematite conductivity. This allows for preparation of p-type hematite with inclusion of 
Mg2+ and Cu2+ impurities, and n-type hematite, by incorporating Ti4+, Sn4+, Zr4+, 
Nb5+.[77,110] Inclusion of Zr4+ has led to conductivity of 0.1 Ω-1cm-1 and electron mobility 
of 0.1 cm2V-1s-1.[111] Another example is the inclusion of Ti4+, which improved 
conductivity through polaron hopping by substituting Fe3+ and reducing Fe3+ to 
Fe2+.[78,114–117] It has been deduced that while some dopants introduce inter-bandgap 
energy levels, some have no discernible effect on the bandgap or absorption 
coefficient.[77,110,118] On the other hand, doping with Si led to formation of hematite 
dendrites which increased surface area and reduced the hole diffusion length, suppressing 
electron-hole recombination.[78] 
 



 

 18 

2.6.4 Magnetic properties 
 
 The orientation of the spin magnetic moment of the iron atoms is influenced by the 
arrangement of the oxygen anions and high-spin cations.[77] Bulk hematite is 
antiferromagnetic below its Néel temperature of 955 K, and has a Morin transition at 260 
K below which the two magnetic sub-lattices are antiparallel and oriented along the 
rhombohedral [111] axis (c-axis).[81,119,120] Above the Morin transition temperature 
(TM), due to distortion of the FeO6 octahedra which destabilizes the anti-parallel spin 
arrangement, it results in slightly canted arrangement of the moments in the basal (111) 
plane leading to a net magnetization.[77,81] Therefore, hematite is weakly ferromagnetic 
at room temperature.[77,117,121] TM varies with the shape, size, crystallinity, and surface 
of particles.[120] In particular, TM decreases with smaller particle size, dropping below 4 
K for sizes below 8-20 nm, due to lattice expansion, as well as effects of strain and 
defects.[81,119,120] It has been found that addition of impurities and vacancies also reduce 
TM.[120] Similarly, hematite nanorods and nanowires also show a lower TM value than 
bulk, with previously reported values ranging from 4 K to 170 K for nanowire diameters 
from 20 nm to 120 nm.[119,122,123] An investigation of hematite particles with various 
morphologies has demonstrated that weakly ferromagnetic and anti-ferromagnetic phases 
coexist below TM, with the population of weakly ferromagnetic depending on the 
morphology; needle-like particles showed the highest population of weakly ferromagnetic 
phases, with more than 50 % below 150 K.[120,124] In addition, the Morin transition 
disappeared entirely in mesoporous hematite and hematite nanotubes and this result was 
attributed to long-range magnetic ordering.[120,125,126] It is worth noting that in cases of 
different materials where the Morin transition was not observed, a magnetic phase 
transformation was seen in nanocrystals at low temperatures, which was attributed to 
surface spin disorder. Disordered spins could be the result of adatoms adsorbed on the 
particle. However, at low temperatures, the exchange interaction dominates and spins 
become ordered leading to higher magnetization.[120,127–129] 
 
2.6.5 Magnetic anisotropy and shape anisotropy in hematite 
nanorods and nanowires 
 
 Magnetic anisotropy defines the properties of magnetic nanowires and nanorods. 
Magnetization along a crystal orientation is favored by magnetocrystalline anisotropy, 
which often competes with shape anisotropy for textured nanowires. In the case of bulk 
hematite, the magnetocrystalline anisotropy field is given by:[120,130]  

𝑯67 = −𝐾U(𝑐𝑜𝑠d𝜃U + 𝑐𝑜𝑠d𝜃d)/2    (7) 
 
where K1 is the anisotropy energy constant, θ1 and θ2 are the angles of the magnetization 
sub-lattices along the c-axis. The Morin transition is reflected in the sign of K1: for K1<0, 
T>TM: atomic moments lie in the basal plane to minimize magnetocrystalline anisotropy 
energy, whereas for K1>0, T<TM: atomic moments lie along the c-axis.  
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 The shape anisotropy field for a single nanowire is given by:[131]  
 

𝑯@,Iº&ME = 𝑴^ × ∆𝑵     (8) 
 
where ΔN is the demagnetization difference between the long and short axis of a nanowire, 
which increases with aspect ratio. Shape anisotropy favors the long axis of a nanowire and 
it competes with magnetocrystalline anisotropy, with the resultant direction minimizing the 
total energy.[120] Magnetization lies along the long axis of a nanowire if the 
magnetocrystalline direction is along the long axis of the nanowire or if the shape 
anisotropy energy exceeds the magnetocrystalline anisotropy energy significantly.[120] 
 For an array or nanowires, magnetostatic interactions must be considered. The field 
HZ of one nanowire at a distance x, assuming that the nanowire consists of two magnetic 
charges a distance l from each other, and a dipole moment (m) of MsV is given by:[131] 
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This expression indicates that the interaction of densely packed nanowires would reduce 
coercivity compared to a single nanowire.[131,132] 
 In the case of an external stress σ, a magnetoelastic anisotropy field is present and 
is given by:[131] 
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where λS is the magnetostrictive constant. Therefore, these four different contributions 
combine to control the coercivity of the nanowires.  
 Effects of shape anisotropy have been previously observed in hematite nanowires 
and nanorods. Typically, bulk materials show a change from multi-domain type to single-
domain type with decreasing grain size. In the case of hematite, the critical size for this 
change is larger than 15 μm as the saturation magnetization (MS) is low, as single-domain 
particles are characterized by a MR/MS value of 0.5, where is MR remanence, pseudo-
single-domain particles have a ratio value of 0.1 – 0.5, and for multi-domain particles 
MR/MS is lower than 0.1.[120,133,134] It was observed that hematite nanorods of 
diameters ranging from 20 – 100 nm and length below 2 μm, showed multi-domain 
behavior, with pseudo-single-domain behavior in nanorods shorter than 500 nm.[120] This 
deviation from conventional behavior is attributed to competition of magnetocrystalline 
anisotropy and shape anisotropy in the nanorods. Additionally, differences in the magnetic 
behavior of hematite nanowires and nanotubes were observed; nanowires showed TM of 
166 K, whereas nanotubes showed long-range magnetic ordering which suppressed the 
Morin transition. This difference was attributed to the defects in the nanotubes due to the 
curl.[126] 
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2.7 Magneto-optical Kerr effect 
 
 Magneto-optical (MO) effects refer to the interactions between a magnetic material 
and incident light, and have been crucial in the early development of electromagnetism and 
quantum theory of matter.[135,136] One of the first detections of MO effects was the 
Faraday effect, which refers to changes in the polarization state of incident linearly 
polarized light after propagation through a magnetic material in a magnetic field parallel 
to the propagation direction, and it was first detected in 1845.[135,137,138] Since this 
discovery sparked research on materials showing MO effects, the magneto-optical Kerr 
effect (MOKE) was detected in 1877, and it refers to the changes in polarization state of 
incident light upon reflection from a magnetic material.[135,139,140] MOKE has been 
utilized to investigate surface magnetization of thin films, whereas materials that 
demonstrate MO effects have been implemented in optical devices for mode-conversion 
waveguiding and data storage, among others.[135,140] Ferromagnetic materials, such as 
cobalt, iron, and nickel have been particularly popular for MOKE as they provide useful 
results for practical applications.[136] The domains of these materials are aligned under an 
applied magnetic field, and the magnetization of the material results in a small rotation of 
the plane of polarization of incident light. Furthermore, incident p-polarized light becomes 
elliptically polarized after reflection. The origin of this effect will be explained in more 
detail below. 
 Linearly polarized electromagnetic wave can be considered as a superposition of 
two circularly polarized waves: left-circularly polarized (LCP) and right-circularly 
polarized (RCP), each with amplitude 𝐸# = 𝐸$ = 𝐸/2.[135] On the other hand, an 
elliptically polarized wave is the superposition of two linearly polarized waves whose 
amplitudes and phase differ. When linearly polarized light travels through a material with 
free electrons fixed about positive centers, the electric field of LCP and RCP force the 
electrons into left and right circular motion respectively, as shown in figure 11 below. 

 
Figure 11. Motion of free electrons in the case of MO effects. Reproduced from reference 
[135] with permission. © 2017 Scientific & Academic Publishing.  
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Figure 11 shows a force 𝐹& = −𝑘𝑟 which is a result of the attractive force between the 
electron and the positive center, where r is the radius of the circular orbit of the electron. 
If there is no applied magnetic field, the left and right circular orbits are equal, given 
by:[135] 
 

𝑒𝐸#,$ + 𝑘𝑟#.$ = 𝑚𝜔d𝑟#,$ ⇒ 𝑟#,$ =
EÆ/dB

(Ç�iÇ��)
      (11) 

 
where ω is the angular frequency of the incident wave, m is the electron mass, 𝜔/d = 𝑘/𝑚 
depends on the material, and E is the amplitude of the incident electric field. Considering 
the electric dipole moment p and 𝑫 = 𝜀𝑬 = 𝜀/𝑬 + 𝑷, where P = Np, the dielectric constant 
is:[135] 
 

𝜀 = 𝜀/(1 +
ÉÊ�

�ËÌ�
Ç�iÇ��

)     (12) 
 
Since 𝑛d = 𝜀N = 𝜀/𝜀/, the RCP and LCP components experience the same refractive index 
and dielectric constant while traveling through the material. 
 In the case where there is an applied magnetic field along the direction of 
propagation, the electrons also experience Lorentz forces, as shown in figure 11. Therefore, 
the right-circular and left-circular radii are different:[135] 
 

𝑒𝐸#,$ + 𝑘𝑟#,$ ± 𝑒𝜔𝑟#,$𝐵 = 𝑚𝜔d𝑟#,$ ⇒ 𝑟#,$ =
EÆ/dB

(Ç�iÇ��∓
ÏÐÊ
Ë )

     (13) 

 
Consequently, the refractive indices experienced by RCP and LCP components are 
different, resulting in a discrepancy in propagation velocities, and after traversing a 
distance L through the material, the two components have a phase difference of ∆𝜃 =
(Ç#
K
)(𝑛# − 𝑛$). Once the two components combine upon exit from the material, the 

resultant wave is linearly polarized with polarization direction rotated by 𝜃 = ∆𝜃/2 with 
respect to the initial direction.[135] The different refractive indices can be used to obtain 
an expression for the rotation angle: 
 

𝑛#,$d = 1 + ÑE�/dBÒ�
Ç�iÇ��∓ÇÓE/B

≅ 𝑛d(1 ± 𝜉)   (14) 
 

𝑛d = 1 + ÑE�/dBÒ�
Ç�iÇ��

     (15) 
 

𝜉 = (ÇÓ
B
)( U
Ç�iÇ��

)     (16) 
 

𝑛#,$ ≅ 𝑛(1 ± U
d
)𝜉     (17) 
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𝜃 = Ç#
dK
(𝑛# − 𝑛$) ≅

Ç#DÕ
dK

≅ DE
dBK

Ç�

Ç�iÇ��
𝐿𝐵 ≅ 𝐾(𝜔)𝐿𝐵  (18) 

 
Equation 18 shows that the rotation angle of the polarization after reflection is proportional 
to the applied magnetic field, and the distance L, with the proportionality constant being 
dependent on the wavelength of the incident light.[135] 
 For ferromagnetic materials, the magnetic field in equation 18 is given by 𝑩 =
𝑩𝟎(1 + 𝜒), where 𝑩𝟎 = 𝜇/𝑯 is the magnetic induction in vacuum and 𝜒 = 𝜇/𝑴/𝑩𝟎 is the 
magnetic susceptibility. However, for ferromagnetic materials 𝜒 ≫ 1 ⇒ 𝑩 = 𝑩𝟎𝜒 =
𝜇/𝑴, in which case the angle θ is proportional to the magnetization of the material and the 
distance L.[135] Nevertheless, the light traveling through a magnetized material does not 
only experience phase shift; the LCP and RCP components experience different absorption 
coefficients, and as a result the amplitudes of the electric fields are different, leading to 
ellipticity of the emergent light.[135] Consequently, the refractive index must be expressed 
in terms of complex parameters, in which the real part corresponds to the refractive index, 
and the imaginary part is the absorption coefficient. The perturbation of refractive index ξ 
in equation 17 is expressed as 𝜉 = 𝑸 ∙ 𝒖𝒌, where 𝒖𝒌 = 𝒌/𝑘 and k is the vacuum wave 
vector, and Q is the Voight vector which is proportional to the magnetization.[135,141] 
Hence, the complex refractive index and complex polarization rotation are given by: 
 

𝑛#,$ ≅ 𝑛 Ú1 ± U
d
Û𝑸 ∙ 𝒖𝒌     (19) 

 
𝜃 = Ü#D

Á
𝑸 ∙ 𝒖𝒌 = 𝜃< + 𝑖𝜀<     (20) 

 
where 𝜃< is the rotation angle and 𝜀< is the ellipticity of the exiting light. 
 MOKE has three different configurations, defined by the direction of M: polar, 
transverse, and longitudinal, as shown in figure 12. 

 
Figure 12. The different configurations of MOKE. Reproduced from reference [135] with 
permission. © 2017 Scientific & Academic Publishing. 

 
For a linearly polarized wave with wavelength in the visible part of the spectrum that is 
incident perpendicularly on a ferromagnetic sample in air, with electric field 𝑬(𝑡, 𝑧) ∝
𝑒iJ(ÇFi<à), the electric displacement D and magnetic induction B are given by:[135] 
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∀	𝑖, 𝑗 ∈ {1,2,3}  𝑫 = 𝜀𝑬 = 𝜀/𝜀N𝑬 ⟺ 𝐷J = 𝜀Jç(𝜔)𝐸ç    (21) 
 

𝑩 = 𝜇𝑯 = 𝜇/(𝑯 +𝑴) ⟺ 𝐵J = 𝜇Jç(𝜔)𝐻ç      (22) 
 
where ε is the tensorial permittivity, εr is the relative permittivity, and μ is the permeability, 
which is close to μ0, meaning that it can be expressed as 𝜇Jç = 𝜇/𝛿, where δ is the 
Krönecker symbol. If the material is electrically neutral, we can assume: 
 

∇ ∙ 𝑫 = 0, ∇ × 𝑬 = −𝜕F𝑩, ∇ × 𝑯 = 𝒋 + 𝜕F𝑫   (23) 
 
where 𝒋 = 𝜎𝑬, σ being the conductivity tensor. With effective permittivity expressed as 
𝜀L = 𝜀 + 𝑖 Ã

Ç
, equation 23 can be written as:[135] 

 
U
Ä�
∇ × 𝜕F𝑩 = 𝜕F𝒋 + 𝜕F

d𝑫 ⟺ −∇ × ∇ × 𝑬 = 𝜔d𝜇/ Ú𝑖
Ã
Ç
+ 𝜀Û𝑬  (24) 

 
𝑘d𝑬 − (𝑘 ∙ 𝑬) = Ç�

K�
𝜀′𝑬    (25) 

 
Equation 25 can be expressed as: 

(𝑛d𝛿Jç − 𝑛J𝑛ç − 𝜀LJç)𝐸J = 0         (26) 
 
using the complex refractive index 𝑛J =

K
Ç
𝑘J. The non-zero solution of equation 26 leads 

to the Fresnel formula for normal modes of propagation. The off-diagonal terms are 
responsible for the MO effects and are functions of M, whereas the dielectric tensor obeys 
magnetization reversal 𝜀LJç(𝑴) = 𝜀LçJ(−𝑴). In the case of polar MOKE where M is along 
the z-axis, the permittivity tensor is given by:[135,136] 
 

𝜀L = ë
𝜀Lff 𝜀Lfì 0
−𝜀Lfì 𝜀Lff 0
0 0 𝜀Làà

í , 𝜀′fì ∈ 𝑖ℝ   (27) 

 
For this case, the Fresnel equation yields zero for 𝑛±d = 𝜀′ff ± 𝑖𝜀′fì, which can be 
substituted in equation 26 to obtain 𝐸f = ±𝑖𝐸ì = 𝑒±JÜ/d𝐸ì. This indicates two circularly 
polarized waves (LCP and RCP) propagating with refractive index 𝑛h and 𝑛i. The 
induction can be expressed as:[135] 
 

𝐷h = 𝑛hdï𝐸f + 𝑖𝐸ìð, 𝐷i = 𝑛id (𝐸f − 𝑖𝐸ì)   (28) 
 
This shows that the incident light becomes elliptical after it is reflected from the magnetic 
material. The Fresnel coefficients for s- and p- polarizations of the reflected field Er are 
estimated using the incident field Ei and the boundary conditions at the interface: 
 



 

 24 

ñ
𝐸N,M
𝐸N,I

ò = Ú
𝑟MM 𝑟MI
𝑟IM 𝑟IIÛ ñ

𝐸J,M
𝐸J,I

ò    (29) 

 
Therefore, the Kerr rotation (θKerr) and Kerr ellipticity (φKerr) can be extracted:[135,136] 

𝜃6ENN,I = 𝑅𝑒 ñNôô
Nôõ
ò , 𝜑6ENN,I = 𝐼𝑚 ñNôô

Nôõ
ò   (30) 

 

𝜃6ENN,M = 𝑅𝑒 ñNõô
Nõõ
ò , 𝜑6ENN,M = 𝐼𝑚 ñNõô

Nõõ
ò   (31) 

 
Τhe complex Kerr rotation in the polar configuration, where 𝑟MM = 𝑟II, 𝑟IM = −𝑟MI, can then 
be expressed as:[142,143] 
 

𝜙6ENN = 𝜃6ENN + 𝑖𝜑6ENN = 𝑟MI 𝑟MM⁄     (32) 
 
where rps is the pure MO contribution and rpp is the pure optical contribution. 
 While little work has been done on observing MOKE on hematite as it was believed 
that the low Ms value would prevent domain observations due to low contrast, some early 
work using Faraday and Kerr effects demonstrated good contrast, and in the case of 
MOKE, the contrasts were more distinct than in the magnetite sample.[82,144] The success 
of the technique was attributed to the Kerr rotation depending on sub-lattice magnetization 
instead of the resultant spin-canting moment. 

2.8 Localized surface plasmon resonance 
 
 Plasmonic nanoparticles have been particularly popular in applications that require 
enhancement in light absorption and scattering. They have been combined with metal oxide 
nanostructures and implemented in PV devices, solar water splitting, and solar fuel 
electrodes, among others.[145–147] Metallic NPs exhibit localized surface plasmon 
resonance (LSPR) when certain conditions are met: the electric permittivity of the NPs is 
negative and the wavelength of the incident light is much larger than the dimensions of the 
NP.[148] When light is incident on the NPs, conduction electrons are pinned by the 
incident electromagnetic wave to oscillate around their equilibrium positions, as depicted 
in figure 13.  
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Figure 13. LSPR for a spherical gold NP. Reproduced from reference [149] with 
permission. © Annual Reviews.  
 
This occurs only when the incident light frequency (w) is close to the plasma frequency of 
the metal, which is in the visible frequency range for good conductors like gold and silver, 
and is defined as:[150] 

     ωP = ÷�¦¥øX�

ùø
                     (33) 

 
where ne is the free electron density and me is the mass of an electron. Therefore, the 
complex dielectric constant of the metal nanoparticle is given by:[150] 
 
     ε(ω) = 1 − ú±

�

ú(úhûü)
         (34) 

 
Since for a metal, free electron density is very high, w < wP, and thus the real part of 
ε(ω) < 0. Negative permittivity is necessary for electric field enhancement by the LSPR. 
When a spherical NP is exposed to a uniform external field, which is the case for most NPs 
since the diameter is a few orders of magnitude smaller than the incident wavelength, a 
polarization vector is generated in the opposite direction of the incident field for negative 
e, which induces a dipole field in the NP, with the same direction as incident field.[148,150] 
As a result, the two electric fields superimpose to enhance the external electric field. On 
the other hand, if the dielectric constant was positive, the incident field and induced dipole 
field would have opposite directions, resulting in attenuation of the external field. The net 
field gain can be expressed as:[150] 
 
   G(ω) = «£þ£(ú)

«�(ú)
≈ 1 + !(ú)i!7

!(ú)hd!7
∙ ( "#
"h"#

)�        (35) 
 
where e1 is the permittivity of the surrounding medium and rm is the radius of the NP. Based 
on this expression, LSPR can be achieved when Re(e) = -2e1. Light extinction (absorption 
and scattering) are dependent on the dielectric constant of the NP, its size and geometry, 
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as well as the dielectric constant of the surrounding medium. Mie theory provides the 
expression for the extinction coefficient:[150] 
 

   AXYZ =
U$¦∙%&∙'∙!7

À/�

(
∙ �ù(!)
[*X(!)hd!7]�h[�ù(!)]�

        (36) 
 
where Np is the number of NPs of volume V. Similarly to the field gain, extinction is 
maximized when Re(e) = -2e1. While Re(e) is associated with the resonance frequency of 
the plasmonic material, Im(e) is associated with the losses, which include Landau or 
radiative damping, metal heating, electron-electron scattering, as shown in figure 14, as 
well as structural imperfections, and intraband transitions, which is one of the dominant 
losses.[151–153] This leads to the definition of a quality factor for plasmonic 
nanoparticles:[151] 
 

𝑄^_$(𝜔) = − $E(Ò)
,B(Ò)

     (37) 
 
Equation 37 shows that the quality factor depends solely on the complex dielectric function 
of the material and the higher the quality factor, the sharper the LSPR spectrum, which 
leads to stronger local field enhancement and higher optical extinction.[151] 
 

 
Figure 14. (a) Electron-hole pairs are formed after excitation of LSPR. (b) After 1-100 fs 
electron-hole pairs decay either via photon emission or via Landau damping and hot 
electron-hole formation. (c) At 100 fs – 1 ps, hot carriers undergo electron-electron 
scattering which results in energy loss. (d) In several ps to ns, electron-phonon scattering 
results in heat transfer from the NP to the surrounding environment. Reproduced from 
reference [154] with permission. © 2015, Springer Nature. 
 
2.9 Au nanoparticles 
 
 A major benefit of plasmonic nanoparticles is the ease at which one can tune their 
properties through modifications of the material, morphology, and physical arrangement 
of the metallic NPs, which allows absorption and/or scattering of a broad range of 
wavelengths.[155] Among the various materials that have been exploited for their 
plasmonic properties, Au has been the most popular choice, and its plasmonic properties 
have been leveraged for many centuries as shown in figure 15. 
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Figure 15. Examples of Au NPs used in products over the centuries. (a) Gold-plated 
Egyptian ivory from the 8th century BC, (b) the Lycurgus cup from the 4th century, (c) a 
teapot from 1680 colored using the Purple of Cassius method, and (d) Michael Faraday’s 
gold colloid samples, which led to the first correlation between the optical properties and 
size of Au NPs. Reproduced from reference [151] with permission. © 2017 IOP Publishing 
Ltd.  
 
 Au has been successful as a plasmonic material due to its superior chemical and 
physical stability, which allows its implementation in various types of devices, the ability 
to modify its optical properties easily through variations of shape and size, as well as the 
ability to easily functionalize its surface with organic molecules.[151,156–158] 
Furthermore, Au NPs have demonstrated extraordinary light-to-heat conversion efficiency, 
high photostability, electromagnetic field amplification, and larger extinction cross-section 
than other chromophores, all characteristics that make them desirable for a large variety of 
applications.[151]  
 
2.9.1 Morphological effects 
 
 The size of Au NPs dictates whether the NP acts as a scattering or absorbing 
material: if the diameter is much smaller than the wavelength of the incident radiation, 
absorption is the dominant effect.[151,159,160] On the other hand, as the NPs increase in 
size scattering becomes more important, becoming comparable with absorption for 50 nm 
Au NPs, and dominating for NPs larger than 70-100 nm.[151,161] This distinction is 
important when it comes to integration with applications as it is the determining factor on 
the choice of Au NP size. Larger NPs are preferred for biolabeling, single-particle sensors, 
and nanolensing, whereas smaller NPs are preferred in heating applications.[151,162–165] 
Au NPs that are small compared to the wavelength (25 nm or smaller), experience a 
uniform electric field distribution and coherent electron cloud polarization, leading to 
excitation of dipolar plasmon oscillations.[159,160] However, Au NPs with diameters 
comparable or larger than the incident wavelength (larger than 60 nm), the electric field is 
non-uniform and the electron cloud polarization is not coherent, resulting in multipolar 
plasmon oscillations. This effect manifests as broadening and red-shift of the LSPR 
spectrum for larger Au NPs and allows tuning of the LSPR over 60 nm by altering the 
diameter from 10 nm to 100 nm.[159–161] Reduction in Au NP size below 30 nm also has 
some intrinsic effects as electron scattering at the NP surface is a significant contribution 
to the electron relaxation rate as the NP size approaches the electron mean free path, which 
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is approximately 30 nm for Au.[160] Consequently, non-radiative losses increase, leading 
to almost complete LSPR quenching for Au NPs smaller than 2 nm.[166] For Au NPs with 
diameters 2 – 10 nm, quantum effects become important, as the lattice of the NP contracts, 
leading to an increase in electron density, and subsequently, higher frequency 
LSPR.[166][167] 
 Changes in the number, position, and width of the LSPR peak can be achieved via 
modifications in the shape of the Au NPs, such as fabrication of nanoshells, nanowires, 
nanocubes, among others.[168–176] Spherical Au NPs of diameters from 2 nm to 50 nm 
possess only one LSPR peak, which is centered at approximately 520 nm. However, for 
cylindrical Au NPs of the same size, two LSPR peaks appear, a blue-shifted one associated 
with the minor axis of the cylinder, and a red-shifted one associated with the major axis of 
the NP, which is more intense due to increase of the quality factor with wavelength.[177–
179] The position of the latter can be readily tuned from the visible to the near-infrared 
part of the spectrum by increasing the aspect ratio of the nanoparticle. 

2.9.2 Composition effects 
 
 As the properties of Au NPs depend on their complex dielectric constant, any 
changes in their composition results in alteration of ε and the LSPR spectrum.[152] This 
provides the means to control the optical properties of Au NPs via alloying or 
doping.[152,165,180] Nevertheless, this route is not commonly pursued as it involves more 
complicated synthesis, as well as the potential of other metals being inferior to Au in terms 
of plasmonic properties and stability, among others.[151–153,165] The inferior plasmonic 
performance could be a consequence of partially occupied d-states that increase the 
probability of inter-band transitions, which enhance LSPR relaxation and lead to lower 
quality factor.[151–153] Moreover, doped crystals or alloys have higher probability of 
electron-electron or electron-defect scattering.[152,153,180–182] 
 One successful combination is Au-Ag alloys, as Ag exhibits superior plasmonic 
characteristics and can be easily fabricated.[183–185] Indeed, Au-Ag alloys have 
demonstrated higher quality factor, and the LSPR frequency and width showed an almost 
linear dependence on the Ag:Au stoichiometric ratio.[151,152,183–187] On the other hand, 
alloys of Au with Cu, Pt, Pd, Co, and Ni have all been unsuccessful due to reduced quality 
factor, which was attributed to inter-band transitions in the visible range or reduced LSPR 
intensity.[151,152,187–191] Furthermore, reduced quality factor has been estimated for 
Au alloys with Si, Al, and Sn.[152,187,192] Fe-Au alloys have exhibited damped LSPR 
and reduced local field enhancement, whereas absorption is enhanced in the red and NIR 
part of the spectrum due to introduction of new electron transitions, which could be 
leveraged for photothermal applications.[151,165,180,181,193–195] Therefore, these 
results show that alloyed nanoparticles could result in enhanced properties that would be 
useful for various applications. 
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2.9.3 Tunability range and limitations of Au NPs 
 Au NPs exhibit strong light absorption in the visible and near-infrared part of the 
spectrum, which allows their implementation in various types of devices.[151,196] The 
LSPR peak of Au NPs can be tuned down to 520 nm for the smallest NPs, whereas at 
shorter wavelengths issues arise that prevent resonance excitation. Interband transitions in 
Au NPs provide a dissipation channel for the LSPR and the small size of nanoparticles 
results in large damping of the resonance due to electron-surface collisions.[151,197,198] 
 Alternative materials for visible light absorption include Ag NPs and Al NPs. Ag 
NPs have been more extensively investigated and have shown impressive results, with their 
LSPR tunability reaching 350 nm, enabling their use in applications that require harvesting 
of  shorter visible wavelengths.[166,197] However, Ag NPs suffer from rapid oxidation in 
oxygen rich environments that is deleterious to their plasmonic properties and thus, 
severely limits their applicability. As a result, research into the potential of Al NPs as 
plasmonic materials has emerged, with encouraging outcomes.[197,199] The LSPR peak 
can be tuned to reach 200 nm, enabling fabrication of devices operating in the UV part of 
the spectrum, whereas Al is a low cost and abundant material.[197,200] While Al NPs 
exhibit lower oxidation than Ag NPs, their plasmonic properties are not as well established 
and understood yet, imparting some uncertainty in their implementation.[201,202] 

2.9.4 Plasmonic properties of Au NPs in a magnetic field 
 
 Magnetic plasmonic resonances (MPR) refer to excitation of LSPR in Au NPs due 
to the magnetic component of light, and are correlated with a circulating displacement 
current, leading to the NPs behaving as a magnetic dipole.[151,203–205] While these 
resonances are typically very weak or not in the visible part of the spectrum for an isolated 
NP, they appear intense in NP assemblies, especially rings or shells.[204–206] MPRs have 
demonstrated enhancement of the oscillating magnetic field, analogous to local electric 
field enhancement after LSPR excitation.[151,204,206] 
 In addition, magneto-plasmonic modes on colloidal Au NPs have been observed 
via magnetic circular dichroism studies, in which the circular plasmonic modes in the Au 
NPs coupled with the external magnetic field.[207] This result encourages the 
implementation of magnetic field or light modulation to increase the sensitivity of LSPR 
to changes in the refractive index of the surrounding medium. 
 
2.10 Magneto-plasmonic coupling 
 
 While initial interest on magneto-plasmons and the effects of magnetic field on the 
dispersion relation of surface plasma and couple surface plasma-phonon waves started in 
the early 70s, investigation of the interaction of MO properties and surface plasmons could 
be better achieved with the advent of nanotechnology in recent years.[142,208–210] MO 
effects are actively studied by theoretical and experimental groups, whereas the recent 
prominence of plasmonics has led to a surge of research studies on the enhancement of MO 
effects using plasmon resonances, as well as on the modification of the plasmonic 
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properties via application of magnetic fields. The combination of these effects is 
collectively known as magneto-plasmonics and they could be implemented in sensing or 
telecommunications applications.[142,211–215]  The MO constants of ferromagnetic 
materials are much larger than paramagnetic or diamagnetic materials, while their plasmon 
resonances are very broad and suffer from significant losses, whereas noble metals show 
good plasmonic response but are characterized by very small MO constants.[142,216–224] 
Therefore, magneto-plasmonic heterostructures are typically prepared through 
combinations of a ferromagnetic material which is responsible for the MO contribution, 
and a plasmonic material, with Au NPs or thin films being the most prominent choice, in 
order to leverage the favorable properties of each material.[142] 
 
2.10.1 Modification of MO properties through plasmon 
resonance 
 
 MO effects could be significantly enhanced through excitation of plasmon 
resonance due to the accompanying local field enhancement in the ferromagnetic 
component of the heterostructure.[225] As shown in equation 32, the complex Kerr angle 
can be modified via changes in the pure MO or pure optical contributions to reflectivity. 
These can be easily altered through excitation of LSPR leading to changes in the MO 
properties of a heterostructure. For a thin layer of MO material, the pure MO contribution 
is given by:[142,226–230] 
 

-𝑟MI- ∝ 〈𝐸M𝐸I〉𝑑|𝜀BG|     (38) 
 
where 〈𝐸M𝐸I〉 is the mean value of the product of the two components of electric field inside 
the MO material, d is the thickness of the material, and 𝜀BG is the MO constant. As shown 
here the value of rps is proportional to the electric field inside the MO material, and an 
enhancement of the field due to plasmon resonance excitation would result in a larger 
complex Kerr rotation.[142] A minimum of pure optical contribution (rpp) to reflectivity 
can also be achieved through excitation of plasmon resonances, similarly leading to an 
increase in the complex Kerr rotation.[142] Thus, through either or both of these effects, 
plasmon resonances have the potential to enhance MO effects. 
 The studies on the effect of LSPR on MO properties have encompassed various 
kinds of systems. Initial efforts included ferromagnetic metal NPs, using materials such as 
Co, Co-Fe, and Ni.[231–236] However, due to aforementioned reasons, combinations of 
noble metals and ferromagnetic materials have become more popular in recent years. A lot 
of focus has been on investigations of nanoparticles combining both materials, such as 
Au/Co/Au nanosandwiches which demonstrated direct correlation between the shift in 
LSPR peak and complex Kerr rotation values, underlining the plasmonic impact.[142,237] 
Au coated maghemite nanoparticles have exhibited enhanced Faraday rotation which 
spectrally matched the LSPR peak, once more indicating the connection between the 
two.[238] Work on Au nanodisks that were spatially separated by a SiO2 layer from a 
Au/Co/Au trilayer has shown that the two materials do not necessarily need to be in contact, 
and enhancement of the MO properties can still be achieved if the electromagnetic field 
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from the LSPR reaches the MO material.[142,143] In particular, a certain separation 
between the plasmonic and MO materials, depending on the materials and geometry 
involved, can result in stronger MO effects.[239] However, it should be noted that larger 
area of contact between the two materials, such as nanodisks of larger diameter for instance, 
has also been observed to result in larger MO enhancement. Furthermore, manipulation of 
the electromagnetic field due to the LSPR via device engineering can lead to modification 
of the MO properties observed.[142] Structures that involve plasmonic nanoparticles and 
dielectric MO continuous layers have also been investigated as the dielectric material can 
preserve the strong LSPR resonance, whereas ferromagnetic metal films typically suffer 
from high optical losses.[142,240] Such structures have successfully demonstrated 
enhanced Faraday rotation spectrally matching the LSPR of the Au NPs.[241–247]  
 In summary, prior work has made it evident that MO properties can indeed be 
enhanced through LSPR excitation, in a range of structures and materials, through 
enhancement of rpp, rps, or both. Additionally, previous efforts have successfully proved 
that magneto-plasmonic heterostructures offer some flexibility in their architecture, which 
is crucial for easy device fabrication. Substantial has been done on demonstrating MO 
enhancement using materials that support surface plasmon polaritons (SPPs), such as 
planar interfaces, but this is not the focus of the work done here, and will therefore not be 
discussed. More information on coupling between SPPs and MO effects can be found in 
reference [142]. 
 
2.10.2 Modification of plasmonic properties through MO effects 
 
 While more significant effects have been predicted and observed for 
heterostructures demonstrating SPPs, the impact of magnetic field and MO effects on 
materials that exhibit LSPR are more limited. Splitting of the LSPR is predicted in the case 
of very large magnetic fields, under circularly polarized light excitation, but the effect is 
not large enough for experimental demonstration.[142,228] Nevertheless, it has also been 
predicted and demonstrated that the MO material could result in narrower SPR spectrum, 
which would consequently lead to devices with higher figure-of-merit, which is defined 
as:[240] 
 

𝐹𝑖𝑔𝑢𝑟𝑒 − 𝑜𝑓 −𝑚𝑒𝑟𝑖𝑡 = 5EeJKE	NE6N&KFJeE	JDrEf	IEDIJFJeJFì,^
^_$	67HH	8JrFº	&F	º&H6	B&fJB7B,9

   (39) 
 
Pure Au-based plasmonic sensors suffer from low figure-of-merit, attributed to high 
propagation loss of noble metals.[248] Hence, research efforts have attempted to raise this 
value via material engineering and nanostructuring.[249–251] Important enhancements in 
these devices were achieved once Au was integrated with MO materials, due to coupling 
of the SPR with the waveguide mode of the MO materials, leading to long propagation of 
the SPR and narrower SPR spectrum.[240,252] Moreover, these enhancements were 
accomplished with considerable flexibility in device architecture, as they were observed 
over a range of material thicknesses. On the other hand, the intensity of the reflectivity 
exhibited by the plasmonic nanoparticles is reduced after introduction of the magnetic 
material.[253] 
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 Magneto-plasmonics have become a prominent area of optics research in recent 
years due to their promise in revolutionizing sensing and nanophotonic devices such as 
integrated optical isolators and modulators.[142] Improvements are continuously and 
rapidly accomplished due to extensive research efforts and are already surpassing 
equivalent plasmonic devices in performance. 
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Chapter 3 
 

Experimental techniques 
 
The techniques used to prepare and characterize samples in the work presented in this 
dissertation are outlined in this chapter. This includes scientific principles, equipment, and 
procedures involved in each technique. Any variations from the techniques presented here 
will be specified in subsequent chapters.  
 
3.1 Sample preparation 
 
 The samples used in this work include Perovskite thin films prepared with different 
precursors as will be discussed below, and ZnO nanostructures and microstructures. Other 
samples include the ZnO single crystal, which was purchased from Tokyo Denpa Inc., as 
well as hematite nanowires with and without Au NPs at different loadings, which were 
prepared by Professor Yat Li’s group at University of California, Santa Cruz, and will 
therefore not be discussed in this chapter. 
 All samples are prepared on indium tin oxide (ITO)-coated glass substrates as they 
are transparent, and therefore do not interfere with optical measurements, and the ITO 
coating is conductive, enabling scanning electron microscopy measurements, which will 
be discussed later in this chapter. The glass substrates are cut from a large substrate into 
15	𝑚𝑚 × 15	𝑚𝑚 pieces using a diamond cutter and a metal ruler to ensure straight edges. 
The size is chosen such that samples can easily fit in the cryostat for low temperature 
measurements. The conductive side of the glass substrates is identified with a multimeter, 
and the non-conductive side is marked using the diamond cutter to allow for sample 
identification during measurements. Once cut, the substrates are washed sequentially in 
soap, twice deionized water, acetone, and twice in isopropyl alcohol, under sonication, for 
20 minutes each. The substrates are then dried in a stream of air and are ready for use.  
 
3.1.1 ZnO nanostructures 
 
 The technique used to prepare the ZnO nanostructures was developed and reported 
by the Lu group.[254] The precursor for the ZnO nanostructure growth is prepared as 
follows: 8 ml of 1-butanol are combined with 36.45 mg of poly-4-vinyl-pyridine (P4VP) 
powder, with 19 000 molecular weight, and 7 ml of 1-butanol are combined with 73.2 mg 
of zinc acetylacetonate powder. The solutions are magnetically stirred at 250 rpm at room 
temperature for approximately 5 hours until fully dissolved. The zinc acetylacetonate 
solution is then added dropwise to the P4VP solution while stirring to achieve 15 ml of 
precursor solution with 0.8:1 metal-to-polymer ratio with 0.3 wt% polymer content. The 
precursor solution is spin coated on the ITO-coated glass substrates at 3000 rpm for 30 s, 
followed by drying on a hot plate for 2 minutes at 100 °C to prevent intermixing of layers. 
This process is repeated 5 times, drying for 5 minutes after the last layer. When this 
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procedure is completed the samples are annealed in a furnace for 30 minutes at 350 °C, 
with a 30-minute ramp up period. This removes the P4VP template and leaves zinc 
precursor particles, which act as nucleation sites for ZnO nanowire growth. 
 After the substrates have cooled down, solutions for hydrothermal growth of ZnO 
nanowires are prepared, right before the growth. The solutions include 20 mM of zinc 
nitrate hexahydrate in deionized water, which corresponds to 190.4 mg of zinc nitrate 
hexahydrate powder and 16 ml of deionized water, and 20 mM of hexamethylenetetramine 
(HMTA) in deionized water, which requires 89 mg of HMTA powder and 16 ml of 
deionized water. The solutions are stirred under sonication and are mixed in a 50 ml 
autoclave. The substrates with the precursor particles are then placed in the autoclave at an 
angle, with the active side facing down, as shown in figure 16. 
 

 
Figure 16. Sample placement in autoclave for hydrothermal growth of ZnO nanowires. 

 
 The autoclave is tightly shut and placed in a pre-heated oven at 95 °C for 6 hours. 
At the end of 6 hours, the autoclave is removed from the oven and cooled down under 
water stream, which reduces pressure in the autoclave and enables removal of the lid. The 
samples are removed from the autoclave and are rinsed in a beaker with deionized water, 
and any ZnO deposited on the non-conductive side of the sample is wiped away. The 
samples are then allowed to dry at room temperature and once they are dry, they are 
annealed in a furnace at 400 °C for 30 minutes, with a 30-minute ramp up period. 
 
3.1.2 ZnO microstructures 
 
 ZnO microstructures are prepared using a recipe reported in reference [255], using 
a three-electrode setup in an oil bath. The active electrode is the sample, the counter 
electrode is zinc foil, and the reference electrode is Ag/AgCl. The precursor solutions 
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include 5 mM of zinc chloride in 0.1 M potassium chloride solution in deionized water, 
with the latter dissolved using vortex stirring. The solutions are added to the 
electrodeposition cell and the solution is saturated with molecular oxygen, while a slight 
oxygen bubbling is maintained throughout deposition. The oil bath is set at a temperature 
of 88 °C, and the applied potential is set at -0.82 V, and deposition is done until the total 
charge exchanged reaches 1.1 C/cm2 for our samples with area of 2.25 cm2, which can be 
converted into time using the current values displayed by the electrodeposition setup and 
expression 40: 
 

𝑡(𝑠) =
Kº&NCE	EfKº&DCEr( :

;Ë�)×&NE&(KB
�)

,(@)
   (40) 

 
The samples are then removed from the cell and are rinsed in deionized water and dried 
under a low stream of air. They are then annealed at 400 °C for 30 minutes, with a 30-
minute ramp up period. 
 
3.1.3 Perovskite thin films 
 
 Perovskite thin film precursors can be prepared using a combination of 
methylammonium iodide (MAI) and a lead source, with the lead source varying between 
lead iodide, lead acetate, and lead chloride, resulting in different film properties as will be 
further discussed in chapters 4 and 5. MAI is purchased from Luminescence Technology 
Corp. and is purified to ensure good properties. The MAI powder is mixed with 28.5 ml of 
anhydrous ethanol and 1.5 ml of anhydrous methanol and is sonicated for a few minutes. 
The mixture is then placed in an oil bath at 60 °C and is magnetically stirred at 150 rpm for 
at least 2 hours, until fully dissolved. The solution is transferred to a beaker and is stirred 
at room temperature at 180 rpm. 150 ml of diethyl ether are added to the solution which 
results to re-crystallization of the MAI powder. The mixture is filtered using filter paper, 
collecting the discarded solution, and washing the collected MAI crystals with diethyl 
ether. If the discarded solution is yellow in color it indicates that MAI is still present, and 
the procedure can be repeated on the discarded solution to get more MAI; if all the MAI 
has been crystallized the solution is clear. The MAI powder is stored in vacuum overnight 
for drying. 
 Two types of lead sources are used to prepare the PVSK precursor in this work, 
lead (II) acetate trihydrate (PbAc2) from Sigma Aldrich, and lead (II) chloride (PbCl2) from 
Sigma Aldrich. When the former is combined with MAI it leads to the formation of 
methylammonium lead triiodide (CH3NH3PbI3) with I being the only halide, whereas the 
latter results in mixed halide PVSK (CH3NH3PbI3-xClx), which contains both I and Cl.[17] 
Precursor preparation includes dispersion of 2.64 M of MAI in either a single solvent 
system containing N,N-dimethylformadide, or a bi-solvent system of anhydrous dimethyl 
sulfoxide and N-methyl-2-pyrrolidione at a ratio 4:6, v/v. The solution is first sonicated for 
a few minutes and is then magnetically stirred at room temperature in N2 environment for 
30 minutes. Once the MAI is completely dissolved, 0.88 M of lead source is added to the 
solution, and is then allowed to magnetically stir overnight at room temperature in N2 
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environment. The solution is filtered through a polytetrafluoroethylene (PTFE) membrane 
filter before use.[256,257] 

 In order to ensure improved coating of substrates, whether that is ITO-coated glass 
or ZnO structures, the substrates are treated under UV-Ozone for 20 minutes, at room 
temperature, as this has been observed to enhance hydrophilicity of the substrates. The 
PVSK precursor solution is spin coated at 4000 rpm for 30 seconds in N2 environment 
followed by annealing. Annealing is done either on a hot plate at 110 °C until the sample 
turns dark brown (5 minutes to 1 hour depending on the precursor) in N2 environment, or 
in a vacuum oven at 60 °C for 20 minutes.[2,258] 
 
3.2 Photoluminescence spectroscopy 
 
 Optical characterization of materials can be used to extract useful information 
regarding a semiconductor material, including electronic band gap, free electrons and 
holes, impurities and defects. Furthermore, optical characterization is crucial in evaluating 
device performance or interface characterization. Optical characterization techniques are 
non-invasive and do not require extensive sample preparation, whereas variation of the 
probing wavelength and power allows for acquisition of different types of information. 
Among the various optical characterization techniques, photoluminescence spectroscopy 
has become a routine technique in material and device characterization research.[259] 
 Absorption of a photon with energy equal or higher than the band gap value excites 
an electron from the valence to the conduction band to form an exciton (electron-hole pair), 
when the excited electron returns to the initial state and the electron-hole pair recombines, 
photoluminescence occurs. The recombination process can be radiative or non-radiative. If 
the relaxation process is radiative, photoluminescence will be observed, and the emission 
is characteristic of the material band gap.[259] Recombination is a non-equilibrium process 
and requires a supply of electrons at an excited state, which is provided by the laser 
excitation. As the electron-hole pairs have well-defined energies, the emission spectrum is 
narrow and provides accurate values for band gap and impurity levels. Excitons can 
recombine via a recombination center, or non-radiatively through the Auger process, or 
multi-phonon processes due to defect sites.[259] 
 In the case of a pure semiconductor, the Coulomb attraction results in excitons, 
whereas the presence of dopants and the associated free charges screen out the Coulomb 
interaction and reduce the probability of excitons forming. However, if the sample contains 
impurities free excitons are attracted by Coulomb forces to form bound excitons, with 
emission of lower energy due to higher binding energy. Furthermore, radiative transitions 
also occur between impurity levels and conduction or valence bands, as well as donor to 
acceptor transitions. Therefore, photoluminescence spectra of impure materials are 
characterized by various peaks corresponding to different types of excitons, and thus 
photoluminescence is a useful tool in assessing the quality and purity of a material, as well 
as an effective probe on the recombination processes taking place in a material following 
photoexcitation.[259] 
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3.2.1 Steady-state photoluminescence spectroscopy 
 
 Steady-state photoluminescence can be conducted at various temperatures, 
typically from 4 K to 300 K as low temperatures enhance the signal observed by the sample 
and reduce phonon contributions which can be detrimental to the photoluminescence 
signal. In addition, photoluminescence measurements can be performed at various 
excitation powers to observe changes in the intensity of the signal. The experimental setup 
for steady-state photoluminescence spectroscopy is displayed in figure 17 below. 
 

 
Figure 17. Optical setup for photoluminescence spectroscopy. 

 
 The setup shown here uses different types of laser sources: an ultrafast tunable 
mode-locked laser that provides excitation wavelengths ranging from 350 nm to 1200 nm 
with repetition rate of 13 ns, or a supercontinuum white light source that allows tuning 
from 430 nm to 700 nm and variability in the repetition rate. The sample is grown on glass 
substrate with dimensions of 15𝑚𝑚 × 15𝑚𝑚 in order to be mounted in the cryo-free 
system which enables cool down of the samples. The cryogen-free system uses a 
combination of helium gas to cool down and a heater which controls the temperature 
setting. The excitation laser is focused on the sample using a 100 X objective to form a ~ 
1μm spot. The objective collects the emission of the sample which travels through the 
beamsplitter to reach the optical fiber that is connected to the spectrometer which is 
coupled to a thermo-electrically cooled CCD camera that allows spectral analysis. 
 
3.2.2 Scanning photoluminescence spectroscopy 
 
 Scanning photoluminescence spectroscopy is used to generate high-resolution 
photoluminescence map of a sample. This can provide useful information on non-
uniformity of the sample, as well as any defects present, through variations in the intensity 
and wavelength of photoluminescence. The resolution of this measurement is diffraction 
limited to the wavelength of the laser excitation, typically chosen to be a short wavelength 
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beam to allow for the highest resolution possible. A schematic of the setup is depicted in 
figure 18. The setup is mostly identical to the one described in section 3.2.1, except the 
sample is mounted on a motorized 3D scanning state with step size resolution of 40 nm, 
which enables raster scanning of the excitation beam across the sample. The spectra 
collected by the spectrometer at each excitation spot are acquired by a LabView program 
and the spectra are used to generate maps of photoluminescence intensity and emission 
wavelength. 
 
 

 
Figure 18. Optical setup for scanning photoluminescence spectroscopy. Map of peak 
wavelength for a PVSK thin film acquired from this setup is shown. 
 
3.3 Time-correlated single photon counting 
 
 Time-correlated single photon counting (TCSPC) is a technique used to obtain the 
time-dependent profile of light emitted from a sample following excitation and get 
numerical values for the excited state lifetime of a fluorophore, or electron-hole 
recombination lifetime in semiconductors. Excitation is achieved with a laser pulse which 
arrives at the sample periodically, and data collection is done over multiple cycles. The 
emitted photons are then collected by a single photon avalanche diode (SPAD) and are 
used to reconstruct the emission decay profile, which appears as a histogram of photon 
arrivals against time bins.[260] This process is depicted in figure 19 below. 
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Figure 19. (a) Sample is excited after the laser pulse arrives and emits a photon a certain 
time later. This process is repeated multiple times. (b) The emitted photons are then used 
to prepare a histogram depending on the time they were detected. The histogram shows the 
decay profile which is an exponential decay. 
 
 The exponential shape of the emission decay can be explained by considering that 
each excited molecule has a 50% probability of returning to the ground state after the first 
nanosecond after excitation, leaving 50% of the population in the excited state. This 
process is repeated over and over, and as the intensity of emission is given by the number 
of emitted photons at each time, it is proportional to the population of excited molecules, 
with all of them reaching ground state when the intensity drops to zero.[260] The 
measurement is done experimentally by recording the time difference between the 
excitation pulse and photon emission, with the former being detected via a trigger diode 
and the latter via the SPAD. However, in the case that there is an electrical synchronization 
signal supplied by the laser, the trigger diode is not necessary. These signals are then 
converted into electrical pulses, which allows the fast electronics to perform digital timing 
which accesses the histogram memory, and once sufficient counts have been recorded, the 
histogram memory is read out and displayed.[260] The optical setup for this measurement 
is shown in figure 20. 

 
Figure 20. TCSPC setup. 
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 Since the detectors and electronics have a “dead” time after recording a photon, 
during which another photon cannot be processed, it is necessary to keep the probability of 
recording more than one photon low, as the TCSPC system is designed to register only one 
photon per excitation. If this is not done, the system would miss subsequent photons that 
are emitted by the fluorophore and would result in overestimating the early photons in the 
histogram, leading to a “pile up”. This would ultimately affect the extracted lifetime values 
from the histogram. 
 Once the exponential decay histogram is obtained, the recombination lifetime can 
be estimated by fitting a bi-exponential decay function:[69] 
 

𝐼_#(𝑡) = 𝐴U𝑒iF/<7 + 𝐴d𝑒iF/<�    (41) 
 
where A1 and A2 are fitting constants, t is time, and τ1 and τ2 are recombination lifetimes. 
The average lifetime is then computed by:[69] 
 

𝜏&eC =
@7<7�h@�<��

@7<7h@�<�
     (42) 

 
Lifetime measurements are a crucial tool in the characterization of any material and 
interface and therefore, TCSPC is often used for these purposes. This measurement can be 
performed at room temperature, as well as low temperatures to monitor changes in the 
recombination lifetime of a material with temperature. 
 
3.4 Ultraviolet-Visible spectroscopy 
 
 When light is incident on a material, one of the many procedures that may occur is 
absorption of light by the sample. The absorbed light results in an increase in the energy of 
the atoms, and depending on the energy of the photon a transition between electronic 
energy levels is caused, with the photons providing the additional energy for electrons to 
move to a higher energy level.[261] Absorption spectra can be used to identify materials, 
or to gain information on their energy levels. 
 In the case of ultraviolet-visible (UV/Vis) spectroscopy, the absorption spectrum 
of a sample is measured through transmittance measurements. Light of known wavelength 
and intensity (I0) is incident on the sample and the transmitted light intensity (I) is measured 
with a detector. Transmittance can be expressed as:[261] 
 

𝑇 = 𝐼/𝐼/      (43) 
 
And Absorbance is estimated by:[261] 
 

𝐴 = −𝑙𝑜𝑔 ,
,�

      (44) 
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 In a UV/Vis spectrophotometer the sample is placed between the light source and 
the detector and the spectrophotometer performs this measurement, while scanning over 
different excitation wavelengths, ranging from near-infrared to UV, and estimates the 
absorbance at each wavelength. This is depicted in figure 21. One important limitation of 
this equipment is the inability to distinguish between absorbed or reflected light, which 
could be achieved using an integrating sphere. 

 
Figure 21. The setup of a typical UV/Vis spectrophotometer.  

 
3.5 Confocal microscopy 
 
 Excitation of atoms via light absorption is often followed by atoms emitting 
photons with lower energy as a means of relaxing back to the ground state. This emission 
can be detected using a fluorescence microscope and it provides an image of the emission 
or fluorescence of a sample at various locations, which can be used to extract valuable 
sample information. 
 A confocal microscope allows acquisition of fluorescence images with certain 
benefits over a conventional fluorescence microscope, such as the ability to obtain serial 
optical sections from thick samples to form three-dimensional images, eliminating any out 
of focus glare, and allowing shallow depth of field.[262] In a conventional microscope, 
fluorescence from a different region of the sample interferes with the fluorescence of the 
region of interest resulting in low resolution of features, with the problem becoming 
significant for samples thicker than 2 μm. However, in a confocal microscope, the out-of-
focus fluorescence can be excluded from the image, as shown in figure 22. This is achieved 
by incorporating a pinhole at the image side of the setup, which only allows the desired 
light rays to pass through to the detector, whereas the rest is blocked. This pinhole is the 
size of an Airy disk, in order to prevent losing useful emission. Furthermore, while in a 
conventional microscope light illuminates the entire sample and the image is projected onto 
the image capture device, meaning that the entire sample is fluorescing, in a confocal 
microscope illumination is done by scanning a focused laser beam across the sample, which 
further reduces background contributions to the fluorescence image.[262,263] 
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Figure 22. Light beam path in a confocal microscope.  

 
 In more detail, laser light is used to excite the sample, and is reflected by a dichroic 
mirror and directed towards the sample. The laser beam reaches two mirrors which are 
used to scan the beam across the sample. The sample emission is then descanned by these 
mirrors, it is transmitted through the dichroic mirror, and is focused on the pinhole, with 
the emission passing through the pinhole being detected by a photomultiplier tube. Since 
one point of the sample is observed at a time, the detector and the attached computer build 
the image. [262,263] Not only does the confocal microscope block emission from other 
focal planes in the sample, but it also blocks emission from areas in the focal plane but not 
at the focal point, therefore enhancing vertical and lateral resolution.[262,263] 
 Confocal microscopy is performed on PVSK thin film samples deposited on 
various ZnO substrates in order to observe emission from grains and any dark regions that 
may appear. Samples are grown on ITO glass and no further treatment is necessary for this 
procedure. 
 
3.6 Field emission scanning electron microscopy (FE-
SEM) 
 
 Scanning electron microscopy (SEM) is a type of microscopy that can be used to 
extract topographical and elemental information about a sample at much higher resolution 
than that of an optical microscope, due to the use of electrons for imaging instead of 
photons, which possess a much smaller wavelength. Magnification can reach 100000X. Its 
operation is based on a focused electron beam which scans the sample surface and results 
in secondary electrons, backscattered electrons, and characteristic X-rays, which are 
collected by different detectors to form images of the sample that are displayed on a 
screen.[264,265] Secondary electrons are a result of inelastic interactions between the 
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incoming electrons and the sample, and are used for observations of the topography of the 
sample.[266] Backscatter electrons are due to elastic collisions of the incident electrons 
with the atoms in the sample and since the number of backscatter electron increases with 
the atomic number of the element, they can be used to extract elemental information of the 
sample, as well as topography information.[266] 
 Field emission SEM (FE-SEM) provides higher quality images than a conventional 
SEM, reaching magnifications of 2000000X, and three to six times higher spatial resolution 
(down to 1.5 nm).[264,267] In addition, low-voltage is used which allows for easier 
imaging of semiconductors or insulating materials which are prone to electron charging. 
Top-down and cross-sectional FE-SEM imaging is performed on PVSK thin films grown 
on ZnO substrates of various morphologies. Top-down SEM imaging is used to observe 
uniformity, smoothness, grain sizes, or grain separation in PVSK thin films and any 
changes depending on the substrate. For this purpose, samples must be grown on ITO glass 
as this provides a pathway for electrons to leave the sample to prevent electron 
accumulation (referred to as “charging”), as this does not allow acquisition of good images 
due to incoming beam deflection by the accumulated electrons. The samples on ITO glass 
are anchored to a flat aluminum stub via conductive carbon tape, both of which assist with 
electron extraction. Images are then acquired using the in-lens detector, which collects the 
secondary electrons that originate from the surface of the sample, at a voltage of 0.5 kV to 
prevent rapid charging of the semiconducting samples.[266] As for cross-sectional SEM, 
samples are cut using a diamond cutter and the exposed cross-section is imaged. Different 
aluminum stubs are used for this type of imaging which allow vertical anchoring of the 
sample, which is achieved via carbon tape – with the active side of the sample facing the 
aluminum stub – and silver paint on the sides of the sample to enhance adhesion to the 
aluminum stub. Cross-sectional SEM is more likely to result in charging of the sample, 
hence why it is necessary to provide multiple pathways for electron extraction from the 
sample. Secondary electrons are used to observe the cross-section of the sample, and thus 
the in-lens detector is used. As the area imaged in this case is much smaller – most the 
sample is now the glass substrate – higher voltage is required to increase the signal for 
good images. Therefore, voltage values from 3 V to 10 V are used to obtain these images. 
Cross-sectional SEM is a very useful tool in interface characterization as it provides an 
image of the interface and shows how good the contact between materials is, or if the 
interface has detrimental effects on the PVSK thin film. 
 
3.7 Magneto-optical Kerr effect spectroscopy 
 
 As discussed in section 2.7, MOKE refers to changes in the polarization of incident 
plane polarized light upon reflection from a magnetic material. Figure 12 demonstrated the 
various configurations to observe MOKE, and in this section focus is given to polar MOKE 
spectroscopy, as it is used to investigate changes in polarization of incident s-polarized 
light after it is reflected from hematite nanowires, with and without Au NPs on their 
surface. The setup for this measurement is depicted in figure 23. 
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Figure 23. Experimental setup for polar MOKE spectroscopy. In this geometry, light is at 
normal incidence to the sample, which is magnetized perpendicular to its surface. In polar 
MOKE, Kerr rotation and ellipticity are proportional to the magnetization of the sample. 
 
 MOKE results in Kerr rotation (θKerr) and Kerr ellipticity (φKerr), therefore both 
components are investigated using spectroscopic measurements. In order to achieve this 
experimentally, the complex Kerr angle (𝜙6ENN) is expressed in terms of the complex 
refractive index for the LCP (ñ+) and RCP (ñ-) components of the linearly polarized light, 
where 𝑛±> = 𝑛± + 𝑖𝑘±, as shown in equation 45:[268]  
 

𝜙6ENN =
dJ(D�>iD?> )

UiÒ
= d

UiÒ
[−(𝑘i − 𝑘h) + 𝑖(𝑛i − 𝑛h)]  (45) 

 
From this expression, it can be deduced that Kerr rotation (Re(𝜙6ENN)) is proportional to 
circular dichroism given by (𝑘i − 𝑘h), whereas Kerr ellipticity (Im(𝜙6ENN)) is 
proportional to circular birefringence, given by (𝑛i − 𝑛h), assuming that the imaginary 
component of ε is small compared to 1. This provides a route to measuring Kerr rotation 
and ellipticity experimentally.  
 This is achieved via a photoelastic modulator (PEM), as the light reflected from the 
sample travels through the PEM, which allows determination of light polarization. The 
PEM is made of an optically isotropic crystal and two piezoelectric transducers which 
provide stress alternations at a resonant frequency (ωPEM) of 50 kHz. This results in large 
changes in strain in the horizontal direction, and consequently, large changes in the 
refractive index in the x-direction:[268] 
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𝑛f(𝑡) = 𝑛/ + ∆𝑛 × sin	(𝜔_ÆB𝑡)    (46) 

 
where n0 is the unstrained refractive index and Δn is the resultant difference in refractive 
index. The refractive index in the y-direction remains equal to n0. Due to this time-
dependent variation of refractive index in one direction, the x-component of the electric 
field experiences a periodical phase retardation 𝛿(𝑡) with respect to the y-component, 
given by:[268] 

𝛿(𝑡) = 𝛽 cos(𝜔_ÆB𝑡)     (47) 
 
where	𝛽 is the phase modulation amplitude, or retardance, and can be expressed as: 
 

𝛽 = 2𝜋 E#
Á
= 2𝜋 ED5

Á
     (48) 

 
In expression 48, ΔL is the optical path difference between the two components of light 
due to the refractive index difference, D is the PEM crystal thickness, and λ is the 
wavelength of light. Since the optical axis of the PEM is parallel to the y-component of 
light, modulation only happens if the sample results in variations in the x-component of 
polarization due to Kerr rotation or ellipticity.[268] The PEM undergoes a calibration 
procedure, which helps determine the retardance setting for the setup and wavelength used. 
In brief, the PEM is set at 45° between two crossed polarizations, which block any light 
from reaching the detector if the retardance is zero. When the retardance is close to half-
wave, the transmitted light intensity at a maximum, and minor adjustments can be made to 
reduce the sensitivity of the transmission signal to alignment of the setup. 
 When light emerges from the PEM, the component of the incident electric field (E0) 
along the y-axis of the PEM experiences a phase shift, meaning that the transmitted electric 
field (E1) is given by:[268] 
 

𝑬𝟏 = (𝐸/𝑐𝑜𝑠45)𝑥G − ï𝐸/𝑒JH(F)𝑠𝑖𝑛45ð𝑦G = 𝐸/
√d
d
(𝑥G − 𝑒JH(F)𝑦G)          (49) 

 
The field E1 then travels through the polarizer, which results in the field E2 to be 
transmitted through, with magnitude: 

𝐸d = 𝐸/
√d
d
(1 − 𝑒JH(F))    (50) 

 
Therefore, the intensity of the light reaching the detector is: 
 

𝐼d =
U
d
𝑐𝜀/|𝐸dd| = 𝐼/(1 − 1 cos[𝛽 cos(𝜔_ÆB𝑡)])   (51) 

 
In this formula, the last term can be expressed in terms of the even harmonics of ωPEM: 
 

cos[𝛽 cos(𝜔_ÆB𝑡)] = 𝐽/(𝛽) + 2𝐽d(𝛽) cos(2𝜔_ÆB𝑡) + 2𝐽�(𝛽) cos(4𝜔_ÆB𝑡) +⋯ (52) 
 
where Jn represent the nth order Bessel functions. 
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The signal reaching the detector can be correlated to the complex Kerr angle as:[268] 

 
𝑅𝑒(𝜙6ENN) =

U
�M�(N)

,�ÏOPQ
,�

∝ 𝐼dÇOPQ    (53) 
 

𝐼𝑚(𝜙6ENN) =
U

�MÀ(N)

,ÀÏOPQ
,�

∝ 𝐼�ÇOPQ    (54) 
 
where 𝐼DÇOPQ represents the signal intensity at the nth harmonic of ωPEM, and I0 is the signal 
intensity at the frequency of ωPEM, which is proportional to laser power. As seen from 
equations 53 and 54, Kerr rotation is associated with the even harmonics, and Kerr 
ellipticity is associated with odd harmonics. The frequency components are measured using 
two lock-in amplifiers, one corresponding to each harmonic, which are connected to the 
detector indicated in figure 23. The lock-in amplifiers modulate the small signals detected 
at frequency ωPEM and are connected to a LabView program which reads these values at 
various applied magnetic fields. Magnetic field is applied perpendicular to the sample, via 
an electromagnet, with currents varying from 0 to 3 A. The current of the magnet is 
converted to applied field using the following empirical expression: 
 
𝐻&MMHJEr(𝐺) = 13.14398 − 1238.76968𝐼 − 0.30105𝐼d + 2.57253𝐼� + 0.04771𝐼�  (55) 
 
where I represents the electromagnet current in Amperes. Expression 55 describes the 
magnetic field in the case of two poles present, but since for polar MOKE one of the poles 
is removed, finite element analysis was performed to obtain the field with a single pole, to 
an accuracy of 1 %. 
 The LabView program generates curves of Kerr rotation and ellipticity as a function 
of applied magnetic field. For wavelength dependent measurements, the PEM settings are 
changed accordingly and Kerr rotation and ellipticity values are recorded at maximum 
field, since values are expected to be maximized. 
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Chapter 4 
 

Hybrid Perovskite Thin Films as 
Highly Efficient Luminescent Solar 
Concentrators 

 
 This chapter studies the viability of PVSK thin films as the active medium in planar 
LSCs. The study involves spectroscopic and photovoltaic measurements to investigate 
variation of optical stability and device performance for PVSK thin films prepared with 
precursors possessing different lead sources. Even though the devices show high self-
absorption losses, they exhibit high optical efficiency, ranging from 15 % to 29 %, and 
remain operational after seven weeks in ambient conditions. These findings are supported 
by Monte Carlo simulations, and the outstanding performance is attributed to the high 
quantum yield and refractive index of PVSKs. Therefore, the results of this study are 
encouraging the implementation of PVSK thin films as LSCs, but also the preparation of 
tandem devices which would capture energy escaping as radiative exciton recombination 
in PVSK solar cells.  
 
4.1 Introduction 
 
 Luminescent solar concentrators, proposed as alternatives to solar cells in the 
1970s, typically consist of high refractive index substrates doped with photoluminescent 
materials that absorb both direct and diffuse sunlight. The resultant down-converted 
emission is then conveyed to the edges of the device by total internal reflection, to be 
captured by attached solar cells.[71–73] As the lateral surface area of an LSC is 
considerably larger than its edge area, the photon density incident on the solar cells is 
increased, named the “concentrator” effect. Additionally, by a propitious choice of the 
dopants, the emission can be spectrally-matched to the solar cell bandgap, further 
optimizing the generated photocurrent.[74] The initial motivation for LSCs had been 
financial, as large panels of glass or polymer materials were far less expensive than an 
equivalent sized solar panel.[75] With time, this aspect has been considerably negated, but 
LSCs remain of interest on account of other advantages they offer over conventional 
photovoltaics. One of these is the simplicity of fabrication compared to the multistep, and 
often rigorous, procedures involved in solar cell development. Other benefits include 
operation under both diffuse and direct lighting, which make tracking machinery and 
focusing optics unnecessary, and allow for mounting on vertical surfaces, greatly 
enhancing the deployable area, particularly in crowded urban landscapes.[71,75,269]  
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 The characteristics of a desirable LSC candidate include high QY, large Stokes shift 
to minimize self-absorption, and broad spectral absorption range to collect as much 
sunlight as possible. The earliest materials used in LSCs were fluorescent organic dyes, 
followed by laser dyes,[71] both chosen for their high QYs. Optical efficiency of 40 % has 
been achieved using a mixture of Lumogen F Red 305 dye in polymer, and power 
conversion efficiency of 7.1 % has been reported using a combination of dyes with GaAs 
solar cells attached at the edges.[270,271] Higher power conversion efficiency of 14.5 % 
has been achieved using a tandem planar solar concentrator, employing a mixture of dyes 
in combination with copper indium gallium selenide cells.[272] Dyes have inherent 
problems that include rapid photobleaching and narrow absorption bands,[273–275] and 
while there are some, such as Red305 by BASF that demonstrate long lifetimes and broad 
absorption spectra,[276,277] these are the exception rather than the rule. Consequently, the 
efforts to develop stable and high performing LSC active materials shifted to 
semiconducting quantum dots (QDs). QDs have broadband absorption extending from the 
band edge into the ultraviolet, and although the most commonly used QDs emit in the 
visible region,[278] there have been LSCs developed using QDs with narrow bandgaps 
emitting in the near infrared that are better spectrally-matched to silicon.[74] “Giant” QDs 
designed to eliminate “blinking” and photo-degradation have emerged as yet another 
possible LSC candidate.[279] A recent development incorporating nontoxic QDs with high 
QY and a 150 nm Stokes shift has achieved optical efficiency of 26.5 %, bringing LSCs 
one step closer to utilization in large area building integrated applications.[280–282] In 
addition to progress on the materials engineering front, there have been research efforts on 
modifying the standard planar architecture with other geometries, such as cylinders, where 
reduced self-absorption and increased scattering have enhanced device efficiency.[283]  
 Despite the progress outlined above, LSCs have not replaced traditional solar cells. 
While QD-based LSCs are an improvement over their dye-based counterparts, they also 
oxidize and degrade with time,[281,284] which is particularly severe for the near infrared 
emitting QDs. Additionally, most have low QY and have not demonstrated power 
conversion efficiencies above 9 %.[71,74,272,285] In this paper, we move away from 
discrete fluorescent dopants, and examine the viability of continuous thin films of PVSK 
as the active medium in planar LSCs. Hybrid PVSKs have dominated the photovoltaic field 
in the past few years as solution-processed high efficiency solar cells,[286] combining the 
ease of fabrication of organic materials with the high carrier mobility of inorganic 
semiconductors.[3] Typically, opaque thin films would not be ideal for LSCs due to high 
self-absorption, but PVSK materials have several advantages that could compensate for 
this aspect. These include an absorption band that spans a large portion of the solar 
spectrum, a high QY often reaching 80 %[3,18] and a refractive index of 2.5, significantly 
larger than glass and polymer films, indicating the likelihood of more efficient 
confinement.[287,288] In a prior instance, PVSK films were used to coat a silicon solar 
cell to exploit the superior absorption and QY to improve the solar cell performance.[289] 
In our case, hybrid PVSK thin films are used in the traditional LSC configuration with 
silicon PV cells attached at the edges, and we focus on two main aspects in our study. The 
first is optimizing LSC performance with PVSK composition and film quality, achieved 
by varying the ratio of precursors during the synthesis stage. The second is investigating 
an issue that is a big hurdle to the deployment of PVSK photovoltaics in the field—the 
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structural instability that causes rapid deterioration of film quality and electronic transport 
properties when exposed to humidity.[290,291] 
 Our results reveal high optical efficiency (15 %–29 %), which we find to be 
strongly dependent on the sample preparation process, and we correlate device 
performance to optical quality by spatially-resolved photoluminescence (PL) spectroscopy, 
and to structural integrity via SEM. Additionally, our LSCs remain operational after seven 
weeks under ambient conditions, far longer than expected for a hybrid PVSK sample. 
 
4.2 Results 
 
4.2.1 Spectral and morphological characterization 
 
 Figure 24 summarizes the spectral properties of a characteristic PVSK thin film 
with 50 % PbAc2 content. The emission is centered at 780 nm with a full width at half 
maxima (FWHM) of 40 nm. The absorption, uncharacteristically for 3D systems, spans the 
entire visible spectrum and extending into the near infrared. In traditional dye or QD doped 
LSCs, quality of surface emission is not an important indicator of device performance; 
edge emission is the critical parameter. For thin film PVSKs fabricated by solution-based 
processing techniques, however, surface emission uniformity is a reflection of sample 
crystallinity and structural homogeneity, and has become a necessary measurement for 
characterizing film quality on a length scale larger than what is possible using electron 
microscopy.[17,256] Spatial uniformity of spectral intensity and wavelength should reflect 
the lack of defects that serve as nonradiative recombination centers, which in turn could 
hinder LSC photocurrent output.[12,257] In the inset we plot the peak wavelength λP of a 
spatially resolved PL scan over a 50 μm2 area. The variation is ≈10 nm, well within the 
FWHM of the emission, and signifies that our samples are spectrally homogenous and 
associated self-absorption losses will be as well.  

 
Figure 24. Absorption and PL emission spectra of PVSK thin film. Bold arrow shows laser 
excitation wavelength. (Inset) Spatially-resolved peak emission wavelength λP map. Scale 
bar is 25 μm. Reproduced from [1] with permission. © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 
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 The use of PbAc2 precursor has been previously shown to form highly uniform 
PVSK thin films due to the volatile nature of the byproduct, whereas the longer annealing 
time required for PbCl2 based PVSKs, which may produce larger crystals favorable for 
charge carrier transport, are prone to pore formation prior to crystallization.[292] In figure 
25 we systematically correlate the stoichiometric ratio between Pb precursors and the 
corresponding optical quality and morphology of the thin films. As shown in the SEM 
images of the PVSK films in figure 25a–d, films with 100 % PbAc2 are characterized by 
lack of pinholes and ultrasmooth surface, while increasing stoichiometric ratio of PbCl2 
leads to the formation of larger grains and abundant pinholes. The high density of pinholes 
has been associated with increased nonradiative recombination. The accompanying PL 
intensity maps show an interesting correlation between structural and optical qualities: the 
smooth 100 % PbAc2 film has PL emission that is expectedly very uniform, but of low 
intensity; the films with 95 % and 90 % acetate content have brighter but highly 
inhomogeneous PL; the 50 % PbAc2 sample appears to have the most homogenous PL 
emission that is also of high intensity. Based on these observations, an LSC with either 50 
% or 100 % PbAc2 would appear to have potential for most success.  

 
Figure 25. SEM images of samples with varying PbAc2 content, along with spatially-
resolved PL maps. a–d) 100 %, 95 %, 90 %, and 50 % acetate content, respectively. All 
images are 25 μm2. Reproduced from [1] with permission. © WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim 
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 We additionally demonstrate in figure 26 that the 50 % PbAc2 sample has the 
highest external quantum efficiency (EQE), which is expected given that higher Cl content 
improves electronic properties. 

 
Figure 26. External quantum efficiency (EQE) varying with PbAc2 content. Reproduced 
from [1] with permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
 
4.2.2 Estimating self-absorption and surface losses 
 
 In addition to structural integrity and optical homogeneity, LSC active materials 
should aim to minimize self-absorption (SA) losses that arise from reabsorption of the light 
emitted by the active material itself along the optical path to the edges. SA is accompanied 
by a red-shift in emission wavelength as the more energetic photons are reabsorbed and 
subsequently re-emitted at lower energy (longer wavelength). To quantify SA, we use PL 
measurements in figure 27 with excitation and collection spatially separated by a distance 
d. The excitation spot is ≈1 μm, and the emission is collected using a fiber optic at the edge 
of the device. Figure 27a,b summarize the results obtained using 532 nm laser excitation 
and shows PL intensity and peak wavelength red-shift (ΔλP) as a function of d, data taken 
four weeks apart. The maximum value of d is 12 mm, limited by the size of the samples. 
PL intensity taken as soon as the samples are prepared decreases by 90 % with increasing 
d but ΔλP only shifts by 3 nm over the same length. Such small red-shift is indicative of 
minor SA by the PVSK film, which implies the accompanying intensity drop is most likely 
due to top/bottom surface losses. Data re-taken after the samples are exposed to ambient 
conditions for four weeks do not show significant change in ΔλP, and PL intensity now 
drops by 75 %. This is an encouraging result as it indicates that despite the instability of 
PVSK in photovoltaic applications, the optical properties are far more stable and will thus 
enable more viable alternative applications. To gain a more realistic picture of the SA 
losses, we repeat the measurements with a broadband white light source in figure 27c,d. In 
this case, PL intensity decreases more rapidly than in figure 27a, and ΔλP is much larger, 
measuring 15 nm over the same range of d. Large SA is expected in a continuous film, but 
it is significant that SA is higher with white light in comparison to illumination by 
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monochromatic light. This may be attributed to the differential absorption of PVSKs over 
the spectral range of the broadband source, which results in the production of fewer photo-
generated carriers on average compared to excitation by 532 nm.[293,294]  

 
Figure 27. a) PL and b) peak wavelength shift ΔλP varying with pump probe separation d 
measured using laser excitation. c) PL and d) ΔλP measured with broadband white light 
excitation. Reproduced from [1] with permission. © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 
 
 To accurately estimate both SA and surface losses that would be associated with 
our samples when exposed to the solar spectrum, we perform 3D Monte Carlo simulations 
for three different types of LSCs, which include (i) thin film PVSK with refractive index 
2.5, and QY = 0.8, (ii) PVSK QDs embedded in a substrate with refractive index 1.7, and 
QY = 0.8, and (iii) CdSe/CdTe core-shell QDs embedded in a substrate with refractive 
index 1.7, and QY = 0.9. The substrate refractive index used is 1.7 instead of the more 
common 1.5 to mimic our indium tin oxide (ITO) coated glass substrates. We note here 
however, that we have repeated simulations of (ii) and (iii) with a refractive index of 1.5 
and the results are practically unchanged. CdSe/CdTe QDs typify dots emitting in the 
visible spectrum used in LSCs. We include PVSK QDs in our calculations as they share 
the high QY of their thin film counterparts and may have lower SA. Figure 28 summarizes 
the results. Figure 28a shows histograms representing the number of absorption events that 
each photon undergoes in all three materials. Ideally, each photon should undergo a single 
absorption event and then be re-emitted to propagate up to the edges. If that were the case, 
the second column from the left (labeled “1”) would have 100 % of the photon counts. In 
the thin film PVSK sample more than 40 % of the incident photons undergo a single 
absorption and re-emission event, with less than 20 % of the incident photons not being 
absorbed at all, and even fewer undergoing multiple absorption (self-absorption) events, 
attesting to efficient absorption and adequate Stokes shift. The histogram using the PVSK 
QDs is comparable to the thin film. In contrast, the CdSe/CdTe QDs results in most of the 
photons (> 50 %) not being absorbed at all, and only 15 % being absorbed exactly once, 
which is quite wasteful. In figure 28b we compile the proportions of photons that are lost 
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through the surfaces, that are not re-emitted, and that are ultimately collected. For the two 
LSCs based on PVSK, ≈40 % of the incident photons are collected, compared to only 9 % 
in CdSe/CdTe LSCs. To obtain a meaningful comparison, the optimal QD concentrations 
for maximal optical gain were used, which corresponds to volume fractions of 10−4 and 
10−3 for the PVSK and CdSe/CdTe QDs, respectively. Even though the PVSK QY was 
below that of CdSe/CdTe QDs, the results using the PVSK QDs are better because its larger 
Stokes shift allows for a tenfold higher concentration. In all these simulations we have 
assumed a mirror coated bottom surface and silicon PV cells on all four sides. The PVSK 
simulations used the experimental absorption and PL data reported here and the 
CdSe/CdTe simulations used measured optical properties in prior work.[295] The sunlight 
is incident normal to the surface and its spectrum is sampled from the solar irradiance.[296] 
Further details on the Monte Carlo method used can be found in references [295,297]. We 
calculate the amount of collected and escaped photons as a function of PVSK film 
thickness in figure 28c. For the thickness of our samples, ≈400 nm, 60 % of the incident 
photons are collected. Higher thickness, as these results indicate, could improve light 
absorption. However, figure 28d shows that while increased film thickness does lead to 
better absorption, with the highest percent of single absorption events, it also has higher 
proportion of subsequent absorption counts. This implies increased thickness is also 
associated with greater self-absorption, thereby negating the initial benefit of enhanced 
light absorption. 

 
Figure 28. a) Calculated distribution of reabsorption events of absorbed photons for 
different LSC materials. b) Relative proportions of photons collected, escaped and not re-
emitted. c) Photon collection and escape percentages varying with PVSK thin film 
thickness. Arrow indicates thickness of thin films used in the experiment. Note: these are 
deposited on a 1 mm glass substrate. d) Absorption events varying with PVSK film 
thickness. Reproduced from [1] with permission. © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 
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4.2.3 Optical efficiency and device stability 
 
 In figure 29 we monitor the effect of the ratio of PbAc2 to PbCl2 in the PVSK 
precursor solution on absorption, SA, and LSC-to-PV current ratio. As shown in figure 
29a, SA, directly proportional to the measured spectral red-shift ΔλP, increases almost 
monotonically with acetate content, while absorption, shown in figure 29b, starts 
increasing around PbAc2 content of 80 %, peaking at 98 %. Figure 29c shows the current 
generated by each of these. In the low PbAc2 regime (50 % acetate), as the uniform PL 
scan in figure 25d indicated, SA is low, but unfortunately so is the total absorption, 
resulting in low total ILSC. With 100 % acetate, PL scan in figure 25a had been homogenous 
but of low intensity, and here it exhibits high SA cancelling the advantage of high 
absorptance. The highest current is observed in the PVSK sample with 90 % PbAc2 and 
these results indicate the SEM images and PL scans do not accurately predict photocurrent 
generation ability, and neither does EQE data. As with other LSC materials the ratio of 
absorption to SA is the most critical factor. 

 
Figure 29. a) ΔλP, b) ηAbs, and c) current ratio ILSC/IPV varying with PbAc2 content. 
Reproduced from [1] with permission. © WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
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Using the current ILSC we can calculate the optical efficiency using:[75] 
 

 𝜂GMF =
,TÂ:×@OU
,OU×@TÂ:

     (56) 
 

The concentration factor is defined as the ratio of the areas of the LSC and the PV cells 
attached at the edges and taking the entire circumference into account, it is 3.75 for our 
samples, resulting in the optical efficiency shown in figure 30. Expectedly, ηopt follows the 
same trend with PbAc2 as the ILSC data in figure 29c, exhibiting a maximum of 29 % for 
PVSK film with 90 % acetate content.  
 This is an impressive result, one of the highest optical efficiencies reported in 
semiconductor-based LSCs, demonstrating the suitability of PVSK films as LSC active 
material. Even the worst device has an efficiency of 15 %. Finally, given the concern 
regarding the stability of hybrid PVSKs, we follow up with photocurrent measurements 
after four weeks. The optical efficiency and current output is surprisingly stable, dropping 
by 15 %–20 % across the different devices, shown in figure 30. We continued monitoring 
performance up to seven weeks, by which time ILSC decreases by a further 5 %. Such long 
device stability is unusual for PVSK based devices due to degradation of the PVSK thin 
film upon exposure to moisture. When certain regions of the PVSK thin film degrade, 
efficient electron transport is hindered and is thus detrimental to electrical properties of the 
entire film. However, the film still emits efficiently and since LSCs are purely optical 
devices, they can be operational in this case. Furthermore, the degradation of PVSK thin 
film regions results in reduced self-absorption as shown in figure 27, where IPL drops by a 
smaller amount in the four-week old sample, thus allowing for fewer losses in the older 
devices and ultimately compensating for the lower initial emission.  

 
Figure 30. Optical efficiency ηOPT varying with PbAc2 content immediately after PVSK 
film synthesis (circles) and after four weeks (crosses). Reproduced from [1] with 
permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
 
 The power conversion efficiency of the devices is estimated to vary between 7 % 
and 13 %, and follows the same trend as optical efficiency, calculated using the fill factor 
from the standard current–voltage curve of a PV cell, shown in figure 31. 
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Figure 31. Short circuit current density for PV cell attached to PVSK LSCs. Reproduced 
from [1] with permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

 
4.3 Conclusion 
 
 PVSK films perform very well as active media in LSCs, borne out here by the 
experimental results and confirmed by simulations. Devices with optical efficiency 
reaching 29 % have been fabricated, with the lowest optical efficiency being 15 %, whereas 
the devices were still operational seven weeks later. This superior photocurrent output is 
resultant of several positive attributes. These include high quantum yield combined with a 
large refractive index that confines most of the photons in the films. Furthermore, the 780 
nm centered emission achieves good spectral matching with the absorption of silicon PV 
cells, allowing the latter to perform under optimal external quantum efficiency conditions. 
Tapping into the inherent property of fluorescent materials to down-convert the incident 
solar light to a more favorable wavelength for solar cells is a central tenet of LSCs.[285] 
This is the reason that for use with silicon PVs, LSC fluorophores emitting in the far red 
or near infrared have been so sought after.[298] Dyes are rare at this part of the spectrum 
and QDs such as PbSe and PbS have low QY and poor photo stability. Hybrid perovskites 
address most of these concerns and as our time-delayed studies confirm, even though 
PbAc2 based PVSK thin films are usually associated with quick degradation, their optical 
properties are preserved for longer, opening a new realm of possibilities for PVSK-based 
optical devices.[3,299] This study further provides useful insights for optimizing future 
endeavors of implementing PVSK LSCs. Based on our present results, PVSK LSCs will 
require significant device engineering before achieving commercialization. Despite the 
longevity of these devices when compared to PVSK solar cells, efforts to extend their 
lifetime further is necessary. Such efforts could include encapsulation of films between 
transparent metal oxides, previously shown to prolong device lifetime in photovoltaic 
devices.[58] In addition, bottom surface losses could be minimized by deployment of 
substrates with higher refractive index than glass. PVSK films in photovoltaic device are 
adjacent to a metal oxide or polymer layer, which commonly have refractive indices higher 
than glass,[300] and as these deposition techniques have been optimized already, adopting 
these protocols for LSC devices will prove simple and low cost alternatives.[301,302] 
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Lastly, self-absorption may be reduced by using PVSK quantum dots and spectral filtering 
of incident radiation, as it has been demonstrated (figure 27) that selective illumination of 
PVSK LSCs with a single wavelength reduces the observed emission red-shift and 
subsequently, self-absorption. Both modifications would aid greatly toward enhancing 
optical efficiency. 
 
4.4 Experimental section 
 
 PVSK precursor solutions of different lead sources are prepared using as-
synthesized methylammonium iodide (MAI) (Luminescence Technology Corp.) and 
various ratios of lead (II) acetate trihydrate (PbAc2, Sigma Aldrich) to lead (II) chloride 
(PbCl2, Sigma Aldrich); the ratios used are 1:1, 9:1, 19:1, 49:1, and 1:0. For PVSK 
precursor solutions based on PbAc2 or PbI2, the only halide present is I, which results in 
the production of methylammonium lead triiodide (CH3NH3PbI3) films. On the other hand, 
PVSK prepared from precursor solution with PbCl2 contains both I and Cl, thus forming a 
mixed halide PVSK (CH3NH3PbI3–xClx).[17] The precursors are dispersed in a bi-solvent 
system of anhydrous dimethyl sulfoxide and N-methyl-2-pyrrolidione (4:6, v/v) in 
concentrations of 2.64 M for MAI and 0.88 m for the lead source, respectively.[17,256] 
PVSK thin films are prepared on UV-ozone treated ITO substrates by spin coating in a 
nitrogen environment at 4000 rpm for 30 s and are subsequently annealed in a vacuum 
oven at 60 °C for 20 min. The absorbance spectra are obtained using an Agilent UV–vis 
spectrophotometer. The PL measurements are done using a 532 nm continuous wave diode 
laser (Verdi V6, Coherent Inc.) and the spectra are recorded using a 300 mm Acton 
spectrometer with a thermoelectrically cooled charge-coupled device (spectral resolution 
≈0.18 nm). White light experiments are conducted using a broadband source (Motic 
MLC—150C). SEM images are acquired using Zeiss Gemini SEM 500. Photocurrent 
measurements are done using a calibrated silicon PV of active area 15 × 1 mm2 attached to 
the edge of the LSC of size 15 × 15 × 1 mm3 and are conducted outdoors to leverage the 
solar spectrum. 
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Chapter 5 
 

Tuning Excitonic Properties of Pure 
and Mixed Halide Perovskite Thin 
Films via Interfacial Engineering 

 
 This chapter discusses an investigation in the potential of ZnO single crystalline, 
micro-structured, and nano-structured substrates as means to tune the exciton binding 
energy and modify charge extraction of pure (CH3NH3PbI3) and mixed (CH3NH3PbI3-xClx) 
halide PVSK thin films. The interfaces are characterized via scanning electron microscopy 
and charge transfer is probed via temperature, power, and time-resolved PL spectroscopy. 
The results indicate that single crystalline ZnO substrates act as efficient electron extraction 
layers, as they promote PL quenching, and reduced exciton recombination lifetime and 
exciton density in the PVSK films. On the other hand, micro-structured ZnO substrates 
show a small increase in PL intensity of PVSK films at room temperature, whereas nano-
structured ZnO substrates enhance PL up to 30 thousand times in intensity, and increase 
exciton recombination rate by 50 %. These trends are seen to vary with temperature, and 
underline how the underlying ZnO substrate affects exciton dissociation in PVSK thin 
films. While single crystalline ZnO substrates could be successfully implemented as 
electron extraction layers in photovoltaic devices, micro-structured and nano-structured 
ZnO substrates would be suitable for opto-electronic platforms that benefit from high 
quantum yield of PVSKs. 
 
5.1 Introduction 
 
 Hybrid organic–inorganic halide perovskites were first incorporated in solar cells 
in 2009 as sensitizers, with TiO2 serving as the electron transport material, and resulted in 
a device with power conversion efficiency of 3.8 %.[47] Since then, focused effort on 
device design and materials engineering have resulted in significant improvements, with 
power conversion efficiencies exceeding 20 % in PPVs.[57,303,304] These superlative 
metrics can be attributed to the favorable characteristics of hybrid PVSKs as light 
harvesting media, including broadband absorption, high electron and hole mobilities, when 
compared to typical values in organic semiconductors, and long charge carrier 
lifetimes.[305,306] Furthermore, PVSKs can be prepared using solution-based, low 
temperature techniques that allow for considerable flexibility.[307–310]  
 The characteristics that have brought cost-effective and high-efficiency solar cells 
closer to reality also lend themselves to a variety of other applications, such as in tunable 
lasers, light-emitting diodes, and photodetectors.[22,308,311] In all of these, efficient 
performance is strongly dependent on the optimal interaction at the interfaces between the 
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active PVSK film and the extraneous layers implemented for charge dissociation, 
extraction, and conveyance. The properties of the electron and hole transport layers (ETL 
and HTL, respectively) therefore play critical roles in the device design.[312] Various ETL 
materials have been incorporated in PVSK solar cells,[50,58,302,312–316] and among 
these, ZnO has proven superior in several respects as an ETL. For example, its electron 
mobility is in the range of 200–300 cm2 V−1 s−1, significantly higher than that of TiO2,[312] 
and additionally, there have been indications of its contribution to improving long-term 
operational stability of PVSK devices.[58] Aside from thin films and epi-layers, metal 
oxide nanostructures have also been incorporated as ETLs in solar cells as a means of 
increasing absorption cross section without adding to the physical size of the device. 
Nanowires and nanorods of TiO2, Y:TiO2, ZnO, and WO3 have been implemented in PVSK 
solar cells as ETLs with promising results,[302,317,318] and again, ZnO is an attractive 
candidate here too, as ZnO nanostructures can be grown at relatively low 
temperatures.[254,255,302] 
 Thus far, the research effort on investigating heterostructures comprising PVSK 
films and ZnO layers has been focused primarily on photovoltaic characterization. This has 
necessarily limited the perspective to optimization of power conversion efficiency alone, 
without systematically studying the fundamental processes occurring at the interface. A 
detailed and thorough understanding of the interaction between the two materials is 
necessary not just to optimize device design, but to allow correlation of ZnO layer 
morphology with charge extraction properties. Only then will it be possible to fully exploit 
the potential of hybrid perovskites for applications beyond photovoltaics. In this work, we 
quantify the interfacial interactions using recombination lifetime in PVSK as deposited on 
ZnO, as well as steady-state PL spectroscopy with varying temperature and excitation 
power.[18,317,319] The results obtained indicate that while single-crystalline ZnO can be 
leveraged as an efficient electron extraction layer for application in photovoltaic devices, 
the micro- and nanostructured layers lead to PVSK emission enhancement, the latter by 
almost a thousand-fold. While this is far from ideal for charge extraction, it opens new 
opportunities for other optoelectronic applications that can benefit by leveraging the high 
optical quantum yield of PVSK materials. 
 
5.2 Results 
 
5.2.1 ZnO layer characteristics 
 
 Figure 32 introduces the different ZnO substrates used in this study. The 
microstructured ZnO sample (MS-ZnO), shown in figure 32a, consists of relatively large 
features, with lengths of ≈1 μm and diameters ranging between 200 and 400 nm. The 
nanostructured ZnO sample (NS-ZnO) consists of nanowires that are ≈1.5 μm long and 50 
nm in diameter, shown in figure 32b. The third ZnO layer used is a commercially acquired 
single crystal (SC-ZnO) from Tokyo Denpa Inc. The PL spectra of the three layers are 
summarized in figure 32c,d. Figure 32c compares the PL of MS-ZnO and SC-ZnO. The 
emission centered around 380 nm is the direct bandgap emission, while the luminescence 
in the range 500–600 nm, routinely observed in ZnO samples, is associated with defects 
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arising from surface states and oxygen vacancies.[320] The emission spectra of the NS-
ZnO before and after annealing in figure 32d show that these have the most intense PL, as 
the radial confinement of excitons within the nanostructures increase the probability of 
recombination.[321] Emission intensity of NS-ZnO is enhanced, and the defect emission 
significantly quenched, after annealing, a common observation attributed to improved 
crystallinity.[322,323] The emission peaks of the ZnO structures prepared in our laboratory 
are redshifted compared to the single-crystal emission, resultant of increased contribution 
from recombination of bound excitons as the size of the structure is reduced and carriers 
confined.[322,323] 

 
Figure 32. (a, b) SEM image of micro-structured (MS-ZnO) and nano-structured (NS-
ZnO) layers. (c) PL results comparing the emission from both the band edge (gray arrow) 
and defect states (green arrow) from single crystalline (SC-ZnO) and micro-structured 
(MS-ZnO) layers. (d) PL of NS-ZnO layers pre- and post-annealing in air demonstrates 
significant success in suppressing defect emission and consequently, enhancing band gap 
signal. Reproduced from [2] with permission. © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 
 
5.2.2 PVSK thin film and ZnO layer interface characteristics 
 
 Figure 33 is a compilation of morphological and fluorescence characteristics of the 
surface of the CH3NH3PbI3-ZnO samples. Figure 33a is the scanning electron microscope 
(SEM) image of a PVSK film deposited on indium tin oxide (ITO) coated glass 
(ITO/PVSK), and shows uniform small grains, as is associated with PVSK thin films 
prepared with precursor containing lead acetate.[17]  
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Figure 33. Top down SEM images of CH3NH3PbI3 films deposited on (a) ITO and (b) SC-
ZnO showing very similar morphology. Side-view of CH3NH3PbI3 deposition on (c) MS-
ZnO and (d) NS-ZnO. Fluorescence images of (e) ITO/PVSK, (f) MS-ZnO/PVSK, and (g) 
NS-ZnO/PVSK show increasingly smaller grain formation with reduction in size of ZnO 
features. Hence, grain size is now below the microscope resolution limit, which prevents 
acquisition of a clearer image. Scale bar in (e) applies to (f, g). Reproduced from [2] with 
permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
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 The choice of ITO-coated glass as the control sample is motivated by the fact that 
along with FTO, ITO is one of the most commonly used substrates for PVSK thin film 
deposition. Given that ITO itself may act as an electron extraction layer, we have 
investigated PVSK deposited on glass without ITO coating to provide a second baseline. 
SEM imaging (figure 34a,b) and spectroscopy (figure 34c,d) data demonstrate that there is 
no noticeable difference between these two substrates, and therefore, ITO itself does not 
have a significant impact as an extraction layer.  

 
Figure 34. SEM images of CH3NH3PbI3 deposited on (a) ITO glass, and (b) glass. (c) 
Static and (d) time-resolved PL of the two samples. Exponential fits to the time-resolved 
data reveal a lifetime of 7.4± 0.3 ns for PVSK/ITO and 8±1 ns for PVSK/glass. The static 
spectra curves shown are averaged over three data sets for each type of sample. Reproduced 
from [2] with permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
 
 Figure 33b shows the PVSK thin film as deposited on the ZnO single crystal (SC-
ZnO/PVSK). This PVSK layer also has a pinhole-free surface and small grain size, like the 
ITO/PVSK film in figure 33a, demonstrating that the smooth surface of the ZnO single 
crystal is not disruptive to the PVSK thin film structure. Figure 33c is a cross-sectional 
SEM image of the MS-ZnO/PVSK sample, and highlights that while there is good contact 
between the two materials, the PVSK film has discontinuities arising from the roughness 
of the ZnO layer (figure 35). Figure 33d shows that contact between PVSK and NS-ZnO 
is not as optimal due to the high surface roughness of the ZnO layer, and while the PVSK 
infiltrates the nanowires to form a heterostructure with multiple points of contact between 
the two materials, coalescing of PVSK occurs in regions deep in the nanostructured layer 
(figure 35). Fluorescence microscope images of three samples, ITO/ PVSK, MS-
ZnO/PVSK, and NS-ZnO/PVSK, prepared with CH3NH3PbI3−xClx, are shown in figure 
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33e–g, respectively. These images underline the impact of roughness of the ZnO layers on 
the PVSK thin film. In figure 33e, the ITO/PVSK thin film shows a characteristic pattern 
of large grains of varying fluorescence intensity delineated by dark grain boundaries, the 
latter known to act as recombination centers.[15] A similar image of MS-ZnO/PVSK in 
figure 33f shows a decrease in grain size, and a further proliferation of grain boundaries 
accompanied by even greater reduction in grain size is observed in the fluorescence image 
of NS-ZnO/PVSK in figure 33g, reaching the limit of the microscope resolution. These 
would suggest that ZnO layers with higher surface roughness are detrimental to charge 
transfer across the device interface[15,286] and this conjecture is validated in figure 36, 
where we observe increased PVSK PL, instead of PL quenching, the typical signature of 
efficient ETLs.[324]  

 

 
Figure 35. Top down SEM image of CH3NH3PbI3 deposited on (left) MS-ZnO and (right) 
NS-ZnO showing the disruption of the CH3NH3PbI3 film (arrows) due to the high surface 
roughness of the ZnO layer. Reproduced from [2] with permission. © WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 
 
 The PL spectrum of SC-ZnO/PVSK in figure 36a shows the emission intensity 
quenching by a factor of ≈3 when compared to that of ITO/PVSK and is accompanied by 
a small decrease in room-temperature recombination lifetime (figure 36b), from 4.9 to 4 
ns. The behavior of the PVSK thin films deposited on the micro- and nanostructured ZnO 
layers is very different. The PL spectra of MS-ZnO/PVSK and NS-ZnO/PVSK are plotted 
in figure 36c. MS-ZnO/PVSK exhibits an enhancement of PVSK luminescence by a factor 
of 20, while PL intensity upsurges by almost ×103 in NS-ZnO/PVSK. Room-temperature 
time-resolved PL in figure 36d, and the extracted lifetimes averaged over different spots 
on the samples summarized in the inset to figure 36b show that, in conjunction with PL 
increase, both MS-ZnO/PVSK and NS-ZnO/ PVSK heterostructures reduce the 
recombination lifetimes, by 16% and 55%, respectively. PVSK PL quenching is 
characteristic of charge extraction from the PVSK layer to the underlying ETL as depicted 
in figure 37,[324] and together with the reduced lifetime, suggests that SC-ZnO is indeed 
acting as one. The PL enhancement in figure 36c, particularly that observed in the NS-
ZnO/PVSK, is more reminiscent of Purcell effect, a result supported by the rapid 
recombination occurring in those samples. The proliferation of grain boundaries in the 
PVSK thin film when deposited on the micro and nanostructured ZnO layers might be 
causing increased confinement of excitons in the smaller PVSK grains, resulting in 
increased spontaneous emission and faster recombination based on a random walk 
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model.[325] The PL enhancement factor in the NS-ZnO/PVSK samples can be driven as 
high as 3 × 104 with excitation power, as shown in the inset to figure 36d, before it saturates. 
While this combination is not suitable for charge extraction, it demonstrates great potential 
for optoelectronic applications, such as photodetectors with the capability of magnifying 
the input signal many-fold. This variation in how PVSK PL is modulated by the ZnO 
substrates might have a contribution beyond the morphology, since there is an inherent 
variation in the carrier concentration of the three substrates, resultant of the synthesis 
process. The single-crystal carrier density[326,327] is in the range 1014–1015 
cm−3,[326,327] while that of the MS-ZnO and NS-ZnO is higher,[328,329] in the range 
1017–1018 cm−3. It is possible that a higher carrier concentration makes MS-ZnO and NS-
ZnO substrates inefficient as ETLs, but that cannot be established beyond doubt. It is quite 
certain, however, carrier density is not the cause of the increased PL emission of the NS-
ZnO/PVSK heterostructures, since the MS-ZnO/PVSK does not demonstrate an 
enhancement anywhere close despite having a similar carrier concentration.  
 The variation in PVSK characteristics with the use of different halide precursors is 
well-documented,[1] and for consistency, we repeated our measurements with samples 
fabricated with lead chloride as the source in the precursor to confirm the trends observed 
in samples prepared with lead acetate. For CH3NH3PbI3−xClx thin films annealed in the 
vacuum oven, the observed trends for PL quenching and exciton recombination lifetime 
agree with the trends demonstrated with CH3NH3PbI3 thin films. PL intensity of PVSK is 
reduced by 90 % when PVSK is deposited on SC-ZnO, as shown in figure 36e. Also, as 
before, PL intensity is enhanced (albeit very slightly, by a factor of 1.4) when NS-ZnO is 
used. Figure 36f plots the time-resolved PL of CH3NH3PbI3−xClx on the different ZnO 
layers, all of which reduce the average recombination lifetime, summarized in the inset. 
Again, while SC-ZnO and MS-ZnO reduce the average lifetime by ≈20 %, use of NS-ZnO 
results in a lifetime 40 % shorter. These results are attributed to similar phenomena as 
discussed previously: SC-ZnO is effectively extracting electrons from the PVSK layer, 
whereas NS-ZnO is confining excitons within grains, as indicated by the short lifetime but 
enhanced PL intensity. However, the phenomenon is not as prominent as in the case of lead 
acetate based PVSK due to the larger PVSK grains when fabricated with lead chloride 
precursor.  
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Figure 36. (a) Static and (b) time-resolved PL emission of CH3NH3PbI3 on ITO and SC-
ZnO exhibit PL quenching and faster charge extraction in the latter. (c, d) Static and 
dynamic PL comparing results of ITO/PVSK, MS-ZnO/PVSK, and NS-ZnO/PVSK. (b, 
inset) Average recombination times of CH3NH3PbI3 on the four different ZnO layers. (d, 
inset) Integrated PL from NS-ZnO/PVSK varying with excitation power, normalized to 
ITO/PVSK emission (e, f) Static and dynamic PL of CH3NH3PbI3-xClx deposited on the 
four layers. (f, inset) Average lifetimes. Reproduced from [2] with permission. © WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim 
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Figure 37. PVSK PL quenching is characteristic of electron extraction by electron 
transport layer (ZnO). Reproduced from [2] with permission. © WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 
 
 We have also investigated the properties of thermally annealed CH3NH3PbI3−xClx 
thin films, performed using a hot plate at a significantly higher temperature than vacuum 
annealing (110 °C), and over a period thrice as long. High-temperature thermal annealing 
of PVSK has been associated with reduced number of pores in the film, but also with 
increased pore size, which results in reduced coverage of the substrate.[330,331] 
Furthermore, annealing for long time periods has been observed to lead to PVSK 
decomposition due to the formation of PbI2.[69,332] Expectedly, these samples show 
significantly modified properties. The PVSK thin film deposited on ITO glass appears to 
be optically almost “dark,” and PL is progressively enhanced by the nanostructured, single-
crystalline, and micro-structured ZnO layers, as shown in figure 38a, in that order. Further, 
incorporation of ZnO prolongs the recombination lifetime for all the samples, indicating 
electron transfer is hindered for these samples, as demonstrated in figure 38b. These results 
underline the importance of the annealing method during fabrication, not only for the 
quality of the PVSK layer but also for proper interpretation of the electron extraction 
afforded by ZnO. 
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Figure 38. (a) Static and (b) time-resolved PL of hot plate annealed CH3NH3PbI3-xClx 
deposited on ITO glass, SC-ZnO, MS-ZnO, NS-ZnO. Reproduced from [2] with 
permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
 
5.2.3 Temperature dependence of PL tuning 
 
 In hybrid PVSK thin films, PL emission has contributions from recombination of 
both excitons and free electron–hole pairs, with the proportion of each determined by the 
temperature and the exciton binding energy EB. Tuning EB has been successfully leveraged 
to improve interactions at the interface, including charge extraction efficiency and PL 
enhancement. Some examples comprise the use of heterostructures[333] and plasmonic 
nanoparticles[334] to modify EB and improve electronic transport properties in hybrid 
PVSK solar cells. Beyond PVSKs, the use of coulomb engineering through modification 
of the local dielectric environment[335] has been demonstrated to tune EB in 2D WS2 and 
WSe2 heterojunctions. Integration with a wide bandgap ETL has the potential of tuning EB 
in PVSKs as well, and we investigate that possibility next. Figure 39 follows the variation 
in CH3NH3PbI3 emission on the ZnO layers at different temperatures. The spectral shift 
between the results in figure 39a,b is driven by the structural phase transition. The other 
notable difference is that while at 180 K PL intensities from all four sample types have the 
same relationship with respect to the ITO/PVSK film, from 100 K down, SC-ZnO/PVSK 
PL is no longer quenched. In fact, by 20 K, SC-ZnO enhances PVSK PL by almost a factor 
of 4. This variation as a function of temperature T is shown in figure 39e in the form of the 
ratio of PL intensities of SC-ZnO/PVSK and ITO/ PVSK. Similar data for MS-ZnO/PVSK 
in figure 39f demonstrate a mild increase in PL over the entire temperature range, without 
any quenching. Nanostructured ZnO layers affect the PVSK PL most strikingly, resulting 
in a steady enhancement that reaches a thousand-fold by room temperature, in figure 39g. 
To investigate if the quenching/enhancement driven by the substrates relate to the PVSK 
thin films, we focus next on calculating the proportion of free and bound charge carriers 
and if the presence of the different substrates has any noticeable effect. 
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Figure 39. PL spectra of CH3NH3PbI3 deposited on the four different ZnO layers at (a) 180 
K, (b) 100 K, (c) 80 K, and (d) 20 K. The integrated PL intensity of PVSK deposited on: 
(e) SC-ZnO, (f) MS-ZnO, and (g) NS-ZnO, normalized with respect to emission from 
PVSK on ITO. Reproduced from [2] with permission. © WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim 
 
5.2.4 Exciton recombination in PVSK tuned by ZnO layers 
 
 The variation of spectrally integrated PL intensity with excitation power at different 
temperatures has proven insightful in estimating the exciton binding energy EB. Equation 
57 shows the variation of the integrated intensity IPL as  
 

𝐼_#~𝐴𝑥d[𝑁FGF]d + 𝐵(1 − 𝑥)𝑁FGF    (57) 
 
where x is the fraction of free charge carriers, and (1−x) the fraction of excitons that 
recombine radiatively; A and B are the bimolecular and the monomolecular recombination 
coefficients, respectively. Ntot is the total charge carrier density, directly proportional to the 
excitation power P, implying IPL∝P2 for free charge carriers and IPL∝P for excitonic 
recombination. Therefore, by fitting a second order polynomial to the power-dependent PL 
of PVSK at any fixed temperature T, as described in figure 42 in Supporting Information, 
the quadratic and linear coefficients corresponding to free charge carriers and 
excitons[18,69] at that T can be extracted, which in turn allow EB and the relative 
proportion of free and bound charge carriers to be evaluated, as summarized in figure 40. 
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Figure 40. (a) Relative proportion of free charge carriers varying with temperature T for 
CH3NH3PbI3 deposited on ITO and the three ZnO substrates, normalized to the ITO/PVSK 
result. (b) exciton binding energy EB calculated for each type of substrate. Reproduced 
from [2] with permission. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
  
 We use a formalism[69] based on the Saha–Langmuir equation shown in Equation 
58:  
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μ is the reduced exciton mass (≈0.1me), where me is the free electron mass, kB is the 
Boltzmann constant, and h is the Planck’s constant. To extract EB from the acquired data 
while accounting for the coefficients A and B of Equation (57), we fit Equation (58) to the 
ratio of the quadratic-to-linear weights versus 1/T, as depicted in figure 43 in Supporting 
Information. 
 The proportional weights of free charge carriers, normalized to the ITO/PVSK 
control sample’s, are plotted in figure 40a as functions of T, while EB values for each 
sample are plotted in figure 40b. In ITO/PVSK, the proportion of free carriers contributing 
to recombination decreases with temperature T, which is typical, as excitonic 
recombination begins to dominate with reduced T. The same is the case for the other 
samples as well, although in SC-ZnO/PVSK there is a nonmonotonicity, with a 
discontinuity arising around the temperature where the structural phase transition occurs. 
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We have calculated EB averaged over the entire temperature range over which PL is 
collected, but in some instances,[69] EB has shown different values in the two structural 
phases, with a smaller binding energy in the low T orthorhombic phase. This might explain 
the increase in free carriers around the transition. Aside from this, figure 40a further shows 
significantly fewer free charge carriers in SC-ZnO/PVSK at 295 K (70 % fewer than in 
ITO/PVSK), which cannot be attributed to higher EB, which is practically unchanged from 
EB in ITO/PVSK, as figure 40b demonstrates. Therefore, the apparent reduced proportion 
of free carriers can only be a consequence of transfer from PVSK to SC-ZnO, confirming 
carrier extraction indicated by quenching of PL. Additionally, the temperature where free 
carrier fractional value shows a jump in figure 40a, indicated by the dashed line, is very 
close to where PVSK PL is no longer quenched by the SC-ZnO substrate in figure 39e. 
MS-ZnO/PVSK behaves most like ITO/PVSK, with EB and free carrier proportions both 
being very similar. Given that these microstructured substrates do not affect PL 
significantly in figure 39f, this is not unexpected.  
 The results from samples incorporating the NS-ZnO substrates are subtler. The free 
carrier contribution in figure 40a is 20 % less compared to ITO/PVSK, but PL 
enhancement, rather than quenching, over the entire experimental temperature range 
affirms that there is no carrier extraction. EB is higher than all the other three samples in 
figure 40b, and this accounts for fewer free electrons and holes. The question then is: what 
the underlying cause for the increased binding energy is, and if the same can also account 
for the markedly reduced recombination time seen in figure 36d. The surface topology of 
the NS-ZnO layer most definitely has a role to play, and we have observed the increased 
roughness disrupts the formation of the PVSK thin films during annealing, as demonstrated 
in figure 41.  

 

 
Figure 41. SEM images demonstrating radial coverage of ZnO NWs by PVSK. 
Reproduced from [2] with permission. © WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
 
 This leads to the formation of smaller grains, with average size on the order of the 
diffraction limit of the optical microscope in figure 33g. We speculate that these sub-
micrometer sized grains could be confining the excitons, not only limiting charge carrier 
transport within the PVSK film, but also increasing EB. Further, this confinement would 
account for higher recombination rates, as the wavefunctions of electrons and holes are 
overlapping, leading to increased probability of recombination of the electron-hole pairs. 
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Interestingly, in the CH3NH3PbI3−xClx films with prolonged thermal annealing that results 
in smaller grains, we observe a similar PL enhancement for all the ZnO substrates, likely 
arising from the same cause as highlighted here. 
 
5.3 Conclusion 
 
 Hybrid perovskites have properties that make them highly desirable for a range of 
applications, extending well beyond photovoltaics. Customizing them for optimal 
performance in different applications will necessarily require careful design of device 
architecture, which makes tailoring interface properties to achieve desired optoelectronic 
characteristics essential. Based on our work, planar interfaces appear to be the most 
optimum structure for charge extraction. This result is supported by means of optical 
measurements which have been used to quantify exciton lifetime, nature of charge carriers 
recombining to result in PL, and PL intensity quenching. The experimental data are 
supplemented by calculations of EB to better understand the fundamental processes 
occurring at the SC-ZnO/PVSK interface. And, while optical measurements portray a clear 
picture, future endeavors must also include electrical measurements to fully quantify 
electron flow within the device.  
 The more interesting part of our findings is the PL enhancement observed in the 
roughened layers, most significantly in the nanostructured films, which we establish cannot 
be attributed to the carrier density of the ZnO substrates. Instead of reducing EB and 
increasing charge carrier extraction as might have been expected owing to the increased 
contact area between the ZnO and PVSK, we observed enhanced exciton binding by carrier 
confinement and up to several thousand-fold increase in PVSK emission intensity. This is 
an aspect of charge modulation in hybrid PVSK thin films that have not been focused on, 
centered on optoelectronic properties rather than photovoltaics. Hybrid PVSKs are 
renowned for excellence in the former as well, with consistently high quantum yield and 
long charge lifetimes. Our results highlight the possibility of entirely novel applications 
that would exploit these characteristics, paving the way for device platforms that have not 
been considered in the realm of PVSKs yet. 
 
5.4 Experimental Section 
 
 ZnO nanowires (NS-ZnO) are synthesized using previously reported 
techniques.[254] A catalyst containing solution was prepared using poly(4-vinyl pyridine) 
(P4VP, Polymer Source, Inc.) of molecular weight 60 000 g mol−1 and Zn(II) 
acetylacetone (Sigma Aldrich) dissolved in 1-butanol (Sigma Aldrich). The P4VP weight 
ratio is 0.3 wt % and the metal-to-polymer molar ratio is 0.8:1. The solution was mixed for 
5 h under magnetic stirring and was deposited on indium tin oxide (ITO) glass substrate by 
spin-coating at 3000 rpm for 30 s. After the deposition of each layer the sample was baked 
for 2 min at 100 °C to remove the solvent and prevent intermixing. The samples were then 
annealed at 350 °C for 30 min in air to remove the polymer template and form 
nanoparticles. Although the annealing temperature might reduce the conductivity of the 
ITO layer, it does not influence the interaction between the PVSK and ZnO layers. 
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Nanowires were grown using a solution-based hydrothermal technique in a Teflon-lined 
stainless steel autoclave, with the active side of the substrates facing down. 20 × 10−3 M of 
hexamethylenetetramine (HMTA, VWR, 99+ %) and zinc nitrate hexahydrate (VWR, 
99.998 %) mixed in deionized water were used for the growth.[254] The synthesis was 
done at 95 °C in an oven (Yamato ADP 21 vacuum oven) for 6 h. Once nanowire synthesis 
was complete the nanowires underwent post-annealing at 400 °C in air. 
 Electrodeposition of micro-structured ZnO (MS-ZnO) was achieved using 
conditions reported elsewhere.[255] Electrodeposition was done in a three-electrode cell 
maintained at 88 °C with the aid of an oil bath, with zinc foil as the counter electrode and 
Ag/AgCl as the reference electrode, raised above the solution to keep at lower temperature. 
A Princeton Instruments galvanometer was used to monitor and provide the necessary 
voltage for deposition. Deposition was conducted using deionized water based solutions of 
5 × 10−3 M of ZnCl2 (Alfa Aesar) and 0.1 M KCl (VWR). The solution was saturated with 
molecular oxygen and slight O2 bubbling was kept throughout the deposition. The applied 
potential is −0.82 V versus Ag/AgCl and deposition was finished when the total electrical 
charge exchanged was 1.1 C cm−2. A ZnO single crystal, commercially purchased from 
Tokyo Denpa Inc., was used as the lowest surface roughness sample. PVSK (CH3NH3PbI3) 
precursor was prepared from 2.64 M of methylammonium iodide (MAI, Luminescence 
Technology Corp.) and 0.88 M of lead (II) acetate trihydrate (Sigma Aldrich), dispersed in 
N,N-dimethylformadide (DMF). PVSK thin films were spin-coated on UV/ozone-treated 
ITO glass substrate or UV/ozone-treated ZnO at 4000 rpm for 30 s and were subsequently 
annealed on a hot plate at 100 °C for 5 min, in a nitrogen environment. Similarly, for 
preparation of CH3NH3PbI3−xClx thin films, 2.64 M of MAI and 0.88 M of lead chloride 
(Sigma Aldrich) were dispersed in DMF, followed by spin-coating at 4000 rpm for 30 s. 
Annealing of samples was done using two different methods: on a hot plate in N2 
environment at 110 °C until the surface turned dark brown or in a vacuum oven at 60 °C 
until samples turned dark brown.[257,329]  
 A pulsed Ti:sapphire laser (Mira, Coherent Inc., repetition rate 13 ns) was 
frequency-doubled using a BBO crystal to 355 nm for the optical measurements of ZnO, 
and tuned to 408 nm for acquiring PVSK PL. An Acton 300i spectrometer with a 
thermoelectrically cooled charge-coupled device, with spectral resolution of 0.18 nm, was 
used to collect PL spectra. Temperature-dependent measurements were conducted in a 
cryo-free system from Advanced Research Systems (base temperature 10 K). A time-
correlated single photon counting (TCSPC) system from Picoquant was used for time-
resolved PL. An Agilent UV– vis spectrophotometer was used to record the absorbance 
spectra of the samples and SEM images were obtained with Zeiss Gemini SEM 500. 
Fluorescence images of the PVSK thin films were obtained using a confocal microscope 
(Zeiss LSM 700) which allows the possibility of dual-mode fluorescence-SEM imaging. 
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5.5 Supporting Information 
 

 
Figure 42. Integrated PL intensity of CH3NH3PbI3 plotted with excitation power. The line 
represents the second order polynomial fit used to extract the number of excitons and free 
charge carriers in the PL signal, Eq. 59. Reproduced from [2] with permission. © WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim 
 

𝐼_#~𝐴𝑥d[𝑁FGF]d + 𝐵(1 − 𝑥)𝑁FGF     (59) 
 
This fitting exercise returns the quadratic and linear coefficient, where quadratic =	𝐴𝑥d and 

linear = 𝐵(1 − 𝑥) 

Therefore,  

quadratic/linear = 𝐴𝑥d/	𝐵(1 − 𝑥)    (60) 
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substituting in the Saha-Langmuir equation 
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We then proceed to plot quadratic/linear versus 1/T in for the different substrates in figure 
43. 
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Figure 43. The ratio of quadratic/linear coefficients as extracted from equations 60 and 61 
are plotted against 1/T for CH3NH3PbI3 films deposited on (a) ITO, (b) NS-ZnO, (c) MS-
ZnO, and (d) SC-ZnO. The fitted lines are used to extract EB value of each sample using 
Equation 63. Reproduced from [2] with permission. © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 
 
This data is fitted: 
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In this equation, y=quadratic/linear, x=1/T, and constant = @
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From these fits the constant and the exponent values are extracted, allowing us to solve 
for A/B (since all the other values in the constant are known) and EB, respectively. Since 
we know what A/B is, now we can solve for x for each sample using equation 61.  
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Chapter 6  
 

Magneto-plasmonic coupling in α-
Fe2O3/Au heterostructures 

 
 In this chapter, the interaction of weakly ferromagnetic hematite (α-Fe2O3) 
nanowires with Au nanoparticles is investigated via magneto-optical Kerr effect (MOKE) 
spectroscopy to observe any modifications of the magneto-optical properties of hematite 
due to excitation of the localized surface plasmon resonance of the Au nanoparticles. The 
impact of different loadings of Au nanoparticles (1 wt% and 5 wt%) is observed, for 
samples that are tested as grown and for samples that have undergone post-annealing at 
300 °C. Strong coupling between the two materials is observed for annealed samples and 
is demonstrated as an enhancement of the complex Kerr rotation of the reflected light. It is 
believed that post-annealing enhances the properties of Au nanoparticles and the contact 
between the two materials, leading to improved MO response of the heterostructures. 
While Kerr rotation shows greater enhancement for samples with 1 wt% Au nanoparticles, 
Kerr ellipticity shows greater increase in samples with higher Au nanoparticle loading. 
This is attributed to a lower amount of hematite present in the sample as the Au nanoparticle 
loading increases, which results in smaller changes of Kerr rotation as it is proportional to 
sample magnetization and is therefore linked to hematite contribution, whereas the higher 
amount of Au yields higher Kerr ellipticity changes, which are associated with different 
absorption coefficients experienced by the two components of linearly polarized light. 
These results indicate the potential of these heterostructures for improved magneto-optical 
devices and their properties can be leveraged for highly sensitive sensors. 
 
6.1 Introduction 
 
 Magneto-optical (MO) phenomena refer to changes in the polarization state of 
reflected (Kerr) or transmitted (Faraday) light, and can be used to extract valuable 
information on the electronic and spin structure of a material.[225,238] Since the first 
observations of MO effects, they have been used for the development of various 
applications, including data storage, optical modulators, and optical sensors, to name a 
few.[137,139,225,238,336,337] Among extensive efforts to enhance the performance of 
these devices by developing materials with larger MO activity, incorporation of photonic 
crystals into these devices has been a prominent option with encouraging results, as they 
have successfully demonstrated increased Faraday and Kerr rotation at the photonic band 
gap edge.[338–342] More recent work has focused on inclusion of plasmonic 
nanostructures to achieve enhanced MO activity.[143,237–240,242,343,344] These efforts 
have demonstrated the plausibility of such heterostructures for improved MO devices by 
experimentally showing increased Faraday or Kerr rotation and ellipticity in spectral 
regions matching the localized surface plasmon resonance (LSPR) of the included noble 
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metal, which has predominantly been Au nanoparticles, nanodiscs, or thin films. Analysis 
of the experimental results has isolated the contribution of the plasmonic material, 
displayed a clear contribution to the MO activity enhancement, whereas variations in sizes 
of the Au nanoparticles and distance between the Au layer and the MO material were also 
investigated. It was shown that while the LSPR intensity decreased for higher proximity of 
the two materials, the plasmonic contribution to MO enhancement was larger due to 
increased penetration of the electromagnetic field in the MO material.[143] Furthermore, 
for smaller separation of the plasmonic and magnetic materials the Kerr signal peak was 
narrower, whereas a broadening of the LSPR spectrum was observed, as well as a red-shift 
in the resonance wavelength.[237,239] On the other hand, changes in size of Au 
nanoparticles showed that as the LSPR peak red-shifted for larger nanoparticles, so did the 
Kerr rotation peak, which matched the absorption spectrum.[237] Additionally, it has been 
shown that increased nanoparticle size enhanced the Kerr signal.[239] This was attributed 
to larger area of contact between the two materials, thereby improving their interaction, 
based on the mechanism mentioned earlier. However, the Kerr ellipticity peak, while also 
changing, was red-shifted with respect to the absorption peak.[237] Not only do these 
results underline the connection of the MO activity enhancement to the presence of the 
plasmonic nanoparticles, but they also indicate the strong influence of the choice of 
architecture to achieving different results, hence providing different pathways to 
manipulate the response of these devices. 
 Popular materials for work on magneto-plasmonic heterostructures have previously 
included combinations of ferromagnetic materials with Au. Ferromagnetic materials are 
preferred as they demonstrate strong MO activity, orders of magnitude higher than that of 
paramagnetic and diamagnetic materials.[225,237] Common examples  include cobalt, 
nickel, permalloy, bismuth-substituted yttrium iron garnet, magnetite (Fe3O4), and 
maghemite (γ-Fe2O3).[143,225,237–240,242,344,345] While magnetic metal films might 
demonstrate favorable MO response, they suffer from surface oxidation, which ultimately 
limits the device stability.[237,240] In addition, metal films could hinder good device 
performance due to high optical losses, resulting to significant broadening of 
LSPR.[225,240,346] Therefore, metal oxides are preferred due to their inherent stability 
and reduced optical losses.[240] They have been mostly combined with Au nanoparticles 
and films, due to the favorable properties of Au as a plasmonic material: apart from its 
stability in ambient environment, Au offers tunable response in the visible part of the 
spectrum for nanoparticles, extending to the infrared region for thin films, allowing for 
devices that can respond to various wavelengths by simple architecture 
modifications.[143,225,237–240,242,344,345] Typical architectures have been mostly 
limited to core-shell nanoparticles and layers of thin films, with limited work done in use 
of nanowire arrays for magneto-plasmonic devices.[235,347] 
 In this work, we focus on heterostructures composed of hematite (α-Fe2O3) 
nanowires and Au nanoparticles 10-20 nm in diameter. While the MO properties of 
hematite have not been as extensively investigated as those of magnetite and maghemite 
due to its lower magnetization value, some earlier work on observation of magnetic 
domains using MOKE have shown encouraging results.[348] Unexpectedly, magnetic 
domains were observed, with Kerr contrasts more pronounced than other samples, 
including magnetite, which was attributed to sub-lattice magnetization dominating Kerr 
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rotation, and not the resultant spin-canting moment. Hematite also demonstrates multiple 
favorable qualities, which make it suitable for implementation in a device. These include 
excellent chemical stability, low cost, nontoxicity, and abundance.[77–80,349] 
Furthermore, hematite is characterized by a relatively low absorption coefficient in the 
visible region of the spectrum as it possesses an indirect bandgap.[77–79] This is preferred 
in ferromagnetic materials implemented in magneto-plasmonic heterostructures, as a 
magnetic material with high optical loss would significantly broaden the LSPR 
spectrum.[240] This has presented as a common problem in magneto-plasmonic sensors 
and has recently led to the pursuit of alternative materials, such as Bi or Ce doped yttrium 
iron oxides.[240,350–355]  
 Investigation of hematite for its potential in magneto-plasmonic applications is not 
the only novelty of our work. Use of nanowires has been limited in magneto-plasmonic 
applications so far, and it can be used to leverage various beneficial properties, as 1-D 
nanostructures were previously seen to modify magnetic domain structures.[356–358] In 
earlier work, hematite nanowires and nanorods has demonstrated that the magnetic 
properties are different from that of bulk hematite.[119,120,126] While magnetocrystalline 
anisotropy favors magnetization along a preferred crystal orientation, shape anisotropy 
energy favors magnetization along the long axis of a nanorod. The two contributions are 
approximately equal and are therefore in competition, with resultant magnetization in a 
direction such that the total energy is minimized. However, if the long axis of a nanowire 
aligns with the magnetocrystalline direction, the magnetization will align with the long 
axis, which has been observed in hematite nanorods below the Morin transition temperature 
(TM), resulting in a larger magnetic susceptibility value for T < TM, under low applied 
magnetic field.[120] It should be noted that TM has been observed to be much lower in 
hematite nanorods than in bulk hematite, and has been reported to decrease with smaller 
particle sizes.[120,359] Consequently, the incorporation of hematite nanowires could 
prove beneficial for magneto-plasmonic devices as the nanostructures have been shown to 
enhance its magnetic properties. 
 In this work we evaluate the potential of hematite/Au NP heterostructures to 
enhance MO effects via polar magneto-optical Kerr effect (MOKE) spectroscopy. We 
investigate the variation of Kerr rotation and Kerr ellipticity under different light 
excitations to observe any changes caused by LSPR excitation. This is monitored for 
various types of samples: bare hematite nanowires as the control sample, and hematite 
nanowires with increasing loading of Au NPs (1 wt% and 5 wt%) with and without post-
annealing. We conclude that post-annealing of samples, which is done to enhance contact 
between the two materials, is crucial to good coupling between the two and ultimately leads 
to enhanced Kerr rotation and ellipticity which is not seen for as-grown samples. 
Furthermore, it is observed that while 1 wt% Au NP loading results in enhanced Kerr 
rotation, larger Kerr ellipticity enhancement is seen with higher loading of Au NPs (5 wt%) 
indicating that the higher content of Au has a larger effect on the amplitude of two 
components of linearly polarized light while they are traveling through the medium. 
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6.2 Results 
 
6.2.1 Characteristics of α-Fe2O3/Au heterostructures 
 
 Figure 44 summarizes the structure of the samples used in this work. Figure 44a 
shows a top-view SEM image of the bare hematite nanowires. The nanowires show a 
preferential vertical growth, with diameter of approximately 50 nm. Figure 44b shows the 
hematite nanowires coated with Au NPs of sizes 10 – 20 nm. Coating with Au NPs appears 
to be even, with no uncoated regions and only a few regions more densely coated than 
others. Figure 44c shows a cross-sectional SEM image of the hematite nanowires, which 
appear to be approximately 800 nm long, and further establishes the vertical orientation of 
the nanowires, which will become important in magnetic measurements. Figure 44d shows 
the absorption spectra of the hematite/Au samples with various loadings of Au NPs, 
divided by the absorption spectrum of bare hematite to isolate the Au contribution. The 
absorption spectrum distinguishes between various weight percentages, as well as annealed 
and as-grown samples. The latter refers to post-annealing of samples which enhances the 
contact between Au NPs and hematite nanowires. As demonstrated in Figure 44d, the 
annealed sample with 1wt% Au NPs shows the highest absorption throughout the entire 
spectrum, while also showing a small peak centered at 530 nm which matches the LSPR 
of Au NPs of this size. It should be noted that the LSPR spectrum is red-shifted and broader 
compared to bare Au NPs due to the presence of hematite which alters the surrounding 
dielectric constant and dipolar coupling effects that appear for short separations between 
the two materials.[143] A faint LSPR peak can also be seen in the absorption spectrum for 
the annealed 5 wt% Au NP/hematite sample shown in figure 44e. Comparison with the as-
grown samples with similar Au NP loading shows that absorption is reduced throughout 
the entire spectrum, whereas the LSPR peak is further quenched. This indicates that 
annealing not only improves contact between the two materials, but also the quality of Au 
NPs. Additionally, as Au NP loading increases, absorption decreases; this can be attributed 
to the reduced amount of hematite present when Au NP loading increases during 
fabrication, leading to lower number of sites where Au NPs can be deposited. 
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Figure 44. (a) Top-down SEM image of hematite nanowires. (b) Top-down SEM image 
of Au-coated hematite nanowires. (c) Cross-sectional SEM image of hematite nanowires. 
(d) Absorption spectra of Au-coated hematite nanowires, normalized by the absorption of 
bare hematite nanowires. Vertical dashed line indicates the expected spectral position of 
the LSPR peak. (e) Absorption spectrum of the annealed 5 wt% Au NP on hematite 
nanowires sample with the arrow indicating a faint LSPR peak. 
 
6.2.2 Magnetic properties of α-Fe2O3 nanowires 
 
 Figure 45 introduces the magnetic properties of hematite nanowires with and 
without Au NPs. Figure 45a shows the variation of magnetization with temperature. The 
bare hematite nanowires used in this work is a canted antiferromagnet with Néel 
temperature of 950 K, resulting in weak ferromagnetism above 230 K, also seen in figure 
45b. TM is lower than bulk hematite, as expected, and the magnetic moment at room 
temperature is ~0.01μB.  
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Figure 45. (a) Variation of magnetization of hematite nanowires with temperature. (b) 
Magnetization of hematite nanowires with applied magnetic field for 300 K and 200 K. 
 
6.2.3 Complex Kerr rotation analysis of 1 wt% Au NP sample 
 
 Figure 46 summarizes the MOKE analysis conducted on the sample with 1 wt% 
Au NP loading. Figure 46a shows the variation of Kerr rotation and Kerr ellipticity with 
applied magnetic field for the sample that has undergone annealing. As expected, Kerr 
rotation increases with magnetic field, due to higher sample magnetization, resulting in a 
change of 0.025 as the applied field is varied from 0 T to 0.15 T. On the other hand, Kerr 
ellipticity shows a much smaller change as the applied field increases to 0.15 T, showing 
an increase of only 0.0025. The much smaller values of Kerr ellipticity is a consequence 
of the polarization analysis as explained in section 3.7: Kerr ellipticity is correlated with 
the 3rd harmonic of wPEM and, as described by equations 53 and 54, the signal intensity 
reaching the detector is much lower than for the 2nd harmonic. Furthermore, as Kerr 
ellipticity is a result of the appearance of p-polarized light as well as s-polarized light (since 
the incident light is s-polarized), it is a milder effect leading to smaller increase as the 
magnetic field increases to its maximum value. Figure 46b depicts the variation of Kerr 
rotation with excitation wavelength for the same sample, as well as bare hematite and the 
sample with 1 wt% Au NP loading that has not been annealed. The annealed sample 
demonstrates a clear enhancement in the region of the spectrum matching the LSPR of the 
Au NPs (~ 550 nm) indicating that coupling between hematite and Au is successful and the 
electric field enhancement caused by LSPR excitation leads to higher Kerr rotation. Figure 
46c shows the variation of Kerr ellipticity with excitation wavelength for the three samples. 
As the origin of Kerr ellipticity lies within the different absorption coefficients experienced 
by the two components of linearly polarized light while traveling through the material, it 
is expected that the presence of Au NPs would impact its values.[135] As shown, the as-
grown sample shows higher values in the high energy region (centered at ~ 510 nm), 
whereas the annealed sample shows a milder enhancement at longer wavelengths (around 
~ 580 nm), which agrees with previous work where red-shift of the ellipticity peak with 
respect to the LSPR was observed due to the difference in wavelength dependence of 
optical and MO constants.[237] 
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Figure 46. (a) Kerr rotation and Kerr ellipticity variation with applied magnetic field for 1 
wt% Au NPs on hematite nanowires post-annealed at 300 °C. (b) Kerr rotation variation 
with incident light wavelength for 1 wt% Au NPs on hematite nanowires post-annealed at 
300 °C and bare hematite nanowires. (c) Kerr ellipticity variation with incident light 
wavelength. (d) Reflectivity (rpp) ratio for 1 wt% Au NPs on hematite nanowires post-
annealed at 300 °C over bare hematite nanowires against incident light wavelength. (e) 
Complex Kerr rotation ratio values against incident light wavelength. (f) MO contribution 
of reflectivity (rsp) ratio against incident light wavelength. 
 
 Further analysis of the results is done to confirm the origin of the enhancement. 
Kerr rotation (θ) and ellipticity (φ) are related to the elements of the reflectivity matrix as 
described in equations 30 through 32. The complex Kerr rotation is then given by the 
magnitude of expression 32, since both θ and φ are measured experimentally, and rpp can 
be found by measuring the reflectivity of the sample at no applied magnetic field. The MO 
contribution (rsp) can then be estimated by multiplying the magnitude of the complex Kerr 
rotation by rpp. Figure 46d shows the measured rpp at various wavelengths, divided by the 
measured rpp of the bare hematite sample to isolate the Au NP contribution. The small dip 
in reflectivity centered at ~ 550 nm is consistent with LSPR excitation and matches the 
Kerr rotation enhancement seen in Figure 46b. As expected, the decrease is not very large 
due to the sparse distribution of the Au NPs shown in Figure 44b. Figure 46d can be 
contrasted with the reflectivity spectrum of the as-grown sample shown in Figure 47d, 
which does not show a reduction in reflectivity, further indicating that post-annealing 
enhances the quality of Au NPs. The ratio of complex Kerr rotation of the annealed sample 
with 1wt% Au NPs against the bare hematite sample is plotted against excitation 
wavelength in Figure 46e. It can be seen that the complex Kerr rotation is higher than 1 for 
the region ~500 – 600 nm, indicating that the presence of Au NPs improves the MO effects 
in that region, reaching three-fold enhancement at 600 nm. This is further validated in 
Figure 46f which depicts the ratio of rsp of the same sample over bare hematite and it 
follows the same trend, demonstrating the enhancement of the pure MO contribution due 
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to Au NPs. These results are contrasted with the ratios including the as-grown 1wt% Au 
NP sample shown in Figure 47e and Figure 47f, which do not surpass values of 1, indicating 
that no enhancement is achieved due to the presence of Au NPs in this case. 
 

 
 
Figure 47. (a) Kerr rotation and Kerr ellipticity variation with applied magnetic field for 1 
wt% Au NPs on hematite nanowires (as-grown). (b) Kerr rotation variation with incident 
light wavelength for 1 wt% Au NPs on hematite nanowires and bare hematite nanowires. 
(c) Kerr ellipticity variation with incident light wavelength. (d) Reflectivity (rpp) ratio for 
1 wt% Au NPs on hematite nanowires over bare hematite nanowires against incident light 
wavelength. (e) Complex Kerr rotation ratio values against incident light wavelength. (f) 
MO contribution of reflectivity (rsp) ratio against incident light wavelength. 
 
6.2.4 Complex Kerr rotation analysis of 5 wt% Au NP sample 
 
 Figure 48 summarizes the results obtained from the samples with 5 wt% Au NP 
loading. Figure 48a shows the variation of Kerr rotation and Kerr ellipticity with applied 
magnetic field. As with the previous samples, Kerr rotation increases with applied 
magnetic field and hence, sample magnetization. The change of Kerr rotation with 
increasing applied magnetic field is smaller for this sample compared to the one with 1 
wt% Au NP loading, whereas Kerr ellipticity changes by 0.007 in this case. Figure 48b 
demonstrates the Kerr rotation enhancement seen in the annealed 5 wt% Au NP. As with 
the previous samples, the as-grown sample does not show any discernible enhancement in 
Kerr rotation values, whereas a clear peak emerges at the spectral region matching the 
LSPR for the annealed sample, demonstrating that once more the enhanced electric field 
due to the LSPR excitations enhances MO effects in hematite. Figure 48c depicts the Kerr 
ellipticity values for different excitation wavelengths. A striking result is seen here, with a 
very strong peak centered at ~ 590 nm emerging for the annealed 5 wt% Au NP sample, 
which was not seen in the case of the 1 wt% Au NP sample. This Kerr ellipticity 
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enhancement is again a consequence of coupling between the two materials in the 
heterostructure, with the higher Au NP loading leading to a larger enhancement. This could 
be because higher Au NP leads to a larger effect on the absorption coefficients experienced 
by the two components of linearly polarized light, resulting in larger modifications. 
Moreover, higher loading has the possibility of producing larger Au NPs, which have been 
previously associated with Kerr ellipticity enhancement and red-shifting of the ellipticity 
enhancement peak.[143,237] Nevertheless, any enhancement in Kerr rotation or ellipticity 
is absent in the as-grown 5 wt% Au NP sample, further establishing that lack of annealing 
prevents successful coupling between Au NPs and hematite nanowires. 

 
 
Figure 48. (a) Kerr rotation and Kerr ellipticity variation with applied magnetic field for 5 
wt% Au NPs on hematite nanowires post-annealed at 300 °C. (b) Kerr rotation variation 
with incident light wavelength for 5 wt% Au NPs on hematite nanowires post-annealed at 
300 °C and bare hematite nanowires. (c) Kerr ellipticity variation with incident light 
wavelength. (d) Reflectivity (rpp) ratio for 5 wt% Au NPs on hematite nanowires post-
annealed at 300 °C over bare hematite nanowires against incident light wavelength. (e) 
Complex Kerr rotation ratio values against incident light wavelength. (f) MO contribution 
of reflectivity (rsp) ratio against incident light wavelength. 
 
 Figure 48d shows the reflectivity (rpp) values of the annealed 5 wt% sample, which 
like figure 46d, is characterized by a small dip in reflectivity centered at ~ 550 nm, 
matching the LSPR of Au NPs. Similar to the previous case, the as-grown sample shows 
no specific trend, as seen in Figure 49a. Figure 48e shows the variation of the annealed 5 
wt% Au NP/no Au NP ratio of the complex Kerr rotation with wavelength. The trend is 
similar in this case, with a four-fold enhancement of complex Kerr rotation and rsp achieved 
at 600 nm. The higher enhancement compared to the 1wt% Au NP sample is indicative of 
a positive correlation on the amount of Au NPs present. Similar to the previous case, the 
as-grown 5 wt% Au NP sample does not demonstrate significant enhancement of MO 
effects, as demonstrated in figure 49. 
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Figure 49. (a) Kerr rotation and Kerr ellipticity variation with applied magnetic field for 5 
wt% Au NPs on hematite nanowires (as-grown). (b) Kerr rotation variation with incident 
light wavelength for 5 wt% Au NPs on hematite nanowires and bare hematite nanowires. 
(c) Kerr ellipticity variation with incident light wavelength. (d) Reflectivity (rpp) ratio for 
5 wt% Au NPs on hematite nanowires over bare hematite nanowires against incident light 
wavelength. (e) Complex Kerr rotation ratio values against incident light wavelength. (f) 
MO contribution of reflectivity (rsp) ratio against incident light wavelength. 
 
6.3 Conclusion 
 
 Hematite is a novel material in the area of magneto-plasmonics, which offers 
benefits such as ease of fabrication, high abundance, and low cost, while synthesis of 
hematite nanowires enhances its magnetic properties via magnetocrystalline and shape 
anisotropy. The incorporation of hematite in magneto-plasmonic devices provides further 
benefits due to the extraordinary stability of hematite in ambient conditions, as well as its 
low absorption coefficient which is expected to minimize optical losses. Au has been the 
most common plasmonic material in magneto-plasmonic devices due to its superior 
plasmonic properties and impressive stability, and it has been implemented both as a thin 
film or in nanoparticle form.  
 In this work, the potential combination of hematite nanowires and Au NPs for 
magneto-plasmonic applications is investigated via MOKE studies, with encouraging 
results. Complex Kerr rotation enhancement is observed for hematite nanowires decorated 
with 1 wt% and 5 wt% Au NPs if the samples have undergone post-annealing, as it 
improves contact between the materials and the plasmonic properties of the Au NPs. A 
more interesting result is the difference caused by changes in Au NP loading of the sample. 
Since samples with increasing Au NP content showed reduced hematite content, it was 
observed that the 1 wt% Au NP sample, with higher hematite content, showed greater 
changes in the real component of Kerr rotation upon LSPR excitation, which is associated 
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with sample magnetization and higher sample thickness. On the other hand, the 5 wt% Au 
NP sample showed larger modifications of Kerr ellipticity, which is caused by the two 
components of the linearly polarized light experiencing different absorption coefficients, 
an effect that appears to be enhanced when LSPR is excited. It is concluded that while 
LSPR excitation, associated with increased local electric field, leads to complex Kerr 
rotation enhancement, the presence of more Au NPs favors Kerr ellipticity enhancement 
as coupling between Au NPs leads to stronger local electric field enhancement, whereas 
fewer Au NPs lead to more prominent Kerr rotation enhancement. These results indicate 
the possibility of tuning the properties of these heterostructures, not only in terms of 
wavelength response by modifying the size of the Au NPs, but also by adjusting the amount 
of Au NPs present selective modifications of Kerr rotation or Kerr ellipticity can be 
achieved. Therefore, these underline the promise of these heterostructures in highly 
responsive sensing applications. 
 
6.4 Experimental section 
 
 Hematite nanowires are prepared on indium tin oxide (ITO)-coated glass by 
hydrothermal growth, followed by air annealing as described in [360]. The morphology of 
the samples is controlled via modification of growth conditions and encapsulation 
techniques, as outlined in reference [361]. The Au NPs are synthesized by chemical bath 
deposition, as described in [362]; the hematite nanowire surface is chemically modified 
with thiol groups and the nanowires are immersed in aqueous solution of Au NPs to 
decorate the nanowires with Au NPs. Samples can undergo post-annealing at 300 °C to 
enhance contact between hematite nanowires and Au NPs. 
 Magneto-optical Kerr effect (MOKE) measurements are done using a pulsed 
supercontinuum source (NKT Photonics). The wavelength is swept from 430 nm to 700 
nm, and the repetition rate is kept constant at 77.9 MHz. The signal is modulated at 50 kHz 
via a photo-elastic modulator, and the Kerr rotation and ellipticity are resolved using lock-
in amplifiers with a resolution of 0.2·μrad.[363,364] The reflectivity of the sample is 
recorded by a photodiode in the collection path. 
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Chapter 7 
 

Conclusions  
 
 In this dissertation, the importance of optical spectroscopy as characterization tool 
for nanostructured materials and interfaces is underlined through a variety of 
measurements, which result in evaluating the potential of these materials in devices, 
ranging from photovoltaic applications to sensors. 
 The potential of hybrid PVSK thin films as LSCs was demonstrated via 
photoluminescence and electrical measurements. PVSK LSCs achieve high optical 
efficiencies varying from 15 % to 29 %, while being operational after 7 weeks of storage 
in ambient conditions. This is an impressive result, and the outstanding performance of 
PVSK LSCs is attributed to the high quantum yield and high refractive index of PVSK thin 
films, which negates the effect of self-absorption demonstrated by the thin films. 
Furthermore, due to the emission of PVSK being centered at 780 nm, it matches well the 
absorption spectrum of silicon PV cells, enhancing their photovoltaic performance. In 
addition, the durability of these LSCs indicates that while the electrical properties of PVSK 
deteriorate rapidly, the optical properties are preserved for longer, making the possibility 
of stable all optical PVSK-based devices realistic. 
 As PVSK thin films have been on the forefront of photovoltaic research, which has 
so far encompassed a vast number of ETL materials and morphologies, a systematic study 
of PVSK thin film interaction with ZnO of various morphologies was conducted to 
understand the impact of the ETL morphology on the properties of the PVSK thin film. It 
was demonstrated that planar ZnO acted most efficiently as ETL, as indicated by 
photoluminescence studies which showed signs of electron extraction. On the other hand, 
ZnO substrates with increased surface roughness, and most strikingly, ZnO nanowires 
resulted in photoluminescence enhancement, up to 30 thousand times, of the PVSK thin 
films. This was associated with reduced carrier extraction and increased exciton binding 
energy of the PVSK layer, a consequence of grain separation in the PVSK thin films due 
to the high surface roughness of the substrate, which ultimately confined photogenerated 
excitons within grains and inhibited efficient charge carrier transport across the PVSK thin 
film, thereby limiting charge transfer to the underlying ZnO. This result encouraged the 
implementation of roughened substrates with PVSK thin films in applications where high 
quantum yield and emission is the goal. 
 In addition to investigating PVSK/ZnO interfaces for photovoltaic applications, the 
interface of Au NPs with hematite nanowires was also studied by means of magneto-optical 
Kerr effect spectroscopy. It was demonstrated that excitation of the LSPR of Au NPs 
enhances the MO effects demonstrated by hematite nanowires, and in particular, adding a 
limited amount of Au NPs leads to larger changes in Kerr rotation of reflected light, 
whereas increasing the amount of Au NPs further causes larger modifications in the Kerr 
ellipticity of reflected light. This result encourages implementation of such interfaces in 
devices that would leverage the enhanced MO effects of hematite nanowires after 
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incorporation of Au NPs. This work could be further expanded in the future by 
investigating the impact of the MO effects of hematite on the LSPR of Au NPs. This could 
lead to narrower LSPR spectra that could be implemented in gas sensors which would be 
highly sensitive to the refractive index of the surrounding environment, as any change in a 
narrow LSPR due to changes of the surrounding medium would be more easily observed. 
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