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Abstract 

The exponential growth in information across diverse media drives an urgent need 

for multifunctional materials and devices beyond conventional electrical paradigms. 

Optical signal processing offers a promising route with contactless operations, parallel 

processing capabilities, high information bandwidth, and potential visualization of 

output signals. While “smart phosphors” with stimuli-responsive photoluminescence 

(PL) properties have seen widespread utilizations in optical information encryption and 

data storage, the dynamic aspect of PL variations and its implementation in optical 

information processing have not been fully harnessed. To bridge this gap, this thesis 

explores the construction of smart nanocomposites with PL-based neuromorphic 

behaviors using mixed-halide perovskite (MHPe) and macroporous Y2O3:Eu (MYE) 

smart nanocomposite. An all-optical physical reservoir computing is further developed 

based on MHPe@MYE smart phosphor, evidencing the potential of PL functions in 

classification of complex image datasets. After confirming the capability of PL 

functions in optical information processing, the down-scaling integration of PL into 

existing main-stream thin-film platforms is then explored. Ferroelectric (FE) HfO2 has 

garnered significant research attention due to the exceptional nanoscale ferroelectricity 

and complementary-metal-oxide-semiconductor (CMOS) compatibility. Therefore, the 

thesis demonstrates the scaling-down incorporation of PL functions into ultrathin HfO2

films through Er3+ doping with simultaneously improved FE endurance, potentially 

pathing the way towards multimodal neuromorphic devices at ultrathin levels. 

In the first part of the thesis, MHPe@MYE smart nanocomposites with porous 

structure are constructed by hard-templated sol-gel syntheses. It demonstrates 
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progressively evolving PL properties variations upon light stimuli in the ultraviolet (UV) 

and blue region. The memristor-like PL variations with all-optical “Write” and “Read” 

processes are originated from the light-induced and dark-recoverable halogen 

migrations within MHPe@MYE. Density function theory (DFT) theoretical simulation 

reveals that a compositional adaptive halogen migration at the interface between MHPe 

and MYE plays a crucial role in these neuromorphic PL variations. Spectral 

investigations demonstrate rich neuromorphic properties that closely mimic biological 

synaptic behaviors, including paired-pulse facilitation (PPF), stimuli-dependent 

synaptic behaviors, and long-term memory (LTM). 

In the second section, the PL-based neuromorphic computing capabilities of 

MHPe@MYE are further evaluated by leveraging the non-linear and volatile PL 

variation features. Utilizing optical stimuli and PL-readouts as a physical reservoir, the 

system achieves discrimination of 4-bit binary sequences. Furthermore, it exhibits 

considerable potential for image recognition tasks, attaining an accuracy of 94.4% in 

classifying the Modified National Institute of Standards and Technology (MNIST) 

handwritten digits and UV fingerprints from Sokoto Coventry Fingerprint (SOCOFing) 

dataset. Such a PL-based physical reservoir concept is found broadly applicable to 

conventional “smart phosphor” systems such as persistent luminescence (PersL) 

phosphors, demonstrating the vast potential of PL functions in the emerging 

information science applications. 

The third part of the thesis focuses on the introduction of PL functions into FE 

HfO2 to establish an ultrathin-film-level dual-mode platform. It is found the Er3+ dopant 

can not only introduce both UC and DC PL into HfO2, but also simultaneously stabilize 

the metastable ferroelectricity in HfO2. DFT theoretical investigation evidences the 
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two-way doping effect of Er3+ to induce in-gap localized Er 4f-f transitions while 

anchoring charged oxygen vacancies (VO) to prevent domain wall pinning and electrical 

breakdown during cyclic FE switching. The experimental growth of 7 a.t.% Er3+-doped 

HfO2 (HErO) by pulsed-laser deposition (PLD) results in high-quality epitaxial thin 

film. Robust ferroelectricity can be obtained across a wide thickness range of 3 - 30 nm 

with modest remnant polarization of ~21 μC/cm2. Notable endurance is observed to 

survive more than 1011 switching cycles at 1M Hz without breakdown or obvious 

degradation. Concomitant with Er-stabilized ferroelectricity, the distinct Er3+ energy 

levels in HErO enable PL spanning both near-infrared (NIR, ~1550 nm, via DC) and 

visible regimes (520-650 nm, via UC) under 980 nm excitation. Such intrinsic PL 

integration of FE HfO2 may render extended information freedom and process 

versatility for future dual-mode neuromorphic computing. 
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Chapter 1 Introduction 

1.1 PL properties 

1.1.1 Photophysical process of PL 

PL refers to the emission of electromagnetic radiation in the UV to NIR range 

resulting from photon-induced electronic excitation and subsequent radiative relaxation 

in luminescent materials. Upon absorption of high-energy photons, electrons are 

promoted from the ground state to excited states, followed by rapid non-radiative 

relaxation to the lowest excited state according to the Kasha’s rule.1 The energy is 

eventually released in the form of light emission, given that the radiative transition is 

allowed to take place. The configuration coordinate diagram is often used to describe 

the luminescent process (Figure 1.1). The diagram describes the correlation between 

the internuclear separation of the bond (𝑅) and energy (𝐸). The electronic levels are 

represented by each quadratic curve in the 𝑅-𝐸 diagram, and the quantized vibronic 

levels of electric states are represented by the parallel longitudinal waves plotted within 

each quadratic curve (black dotted lines). Since the electronic transitions are rather 

instantaneous with reference to nuclear motions, the electronic transitions are 

considered to happen instantly with a fixed nuclear position (constant 𝑅), which is also 

known as the Franck-Condon principle of transitions.2 It is illustrated by the vertical 

electric transitions of both the excitation and emission processes (orange and purple 

arrows in Figure 1.1).  



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1 

2 

 

 

Figure 1.1 The configurational coordinate diagram featuring a PL process from 

photoexcitaiton and relaxation to PL emission. 

 

Up-conversion (UC) luminescence is a particular nonlinear optical process. UC 

luminescence is based on two-photon or multi-photon excitation processes mediated by 

energy transfer (ET). Specific metal ions can absorb or receive the energy of two or 

more photons successively to transit from the ground state to the higher excited states. 

The various UC pathways include ET UC, energy migration UC, excited-state 

absorption (ESA) after ground-state absorption (GSA), cooperative sensitization UC, 

photon avalanche (PA) UC, as well as the interfacial ET.3-5 Consequently, the 

accumulation of photon energies in the process leads to the emission of a high-energy 

photon. UC luminescence is particularly advantageous for applications such as displays, 

lasers, and bioimaging, as it allows for visible emission under NIR excitation, reducing 

background interference and minimizing photodamage in sensitive environments. 

As shown in the periodic table in Figure 1.2, all the available luminescent metal 

ions can be divided into three categories as marked correspondingly in different regions, 

which are transition-metal (TM), lanthanide (Ln), and main-group metal ions. Ln ions 

are known for their sharp 4f-4f (Eu3+, Er3+, Tb3+, Sm3+, etc.) intraconfigurational 
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transitions with long PL decay lifetimes, owing to the shielding of outer electrons from 

the crystal field. In contrast, TM ions typically display broader d-d transitions with 

shorter lifetimes as they are less shielded by the outer orbitals than Ln.6 As for the main-

group metal ions represented by Pb2+, Sb3+, and Bi3+ with ns2 configurations, their 

luminescence process is more semiconductor-like (between s and sp hybridized states), 

and commonly involves hybridization with ligands.7 The phenomenon can be 

exemplified by lead halide perovskite, which exhibits pronounced sp hybridization 

between the Pb 6s2 lone pair and the p orbitals of halogens.8 These differences enable 

a wide range of functionalities in photonic materials, supporting diverse applications in 

lighting, sensing, and information processing. 

 

Figure 1.2 Periodic table featuring the luminescent metal ions categorized into TM, Ln, 

and main-group metals with the corresponding typical electron configurations. 

 



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 1 

4 

 

1.1.2 PL tuning in phosphors 

PL tuning in phosphors fundamentally alters emission properties by modifying the 

electronic energy levels, crystal field environments, or band structures. This is done by 

applying adjustments to dopant configurations, host lattice symmetry, or quantum 

confinement effects. Based on the underlying tuning mechanisms, PL modulation can 

be categorized into chemical and physical methods.9 

Chemical methods enable tuning by permanently altering intrinsic material 

properties during synthesis.10 These approaches include varying activator 

concentrations, modifying host compositions, controlling nanocrystal dimensions, or 

functionalizing surface ligands. Such modifications directly influence electronic energy 

transitions and defect states, resulting in shifts in emission wavelengths or intensities. 

Physical methods achieve dynamic and reversible tuning through external stimuli, such 

as the electric fields with Stark shifts of PL, magnetic fields with Zeeman splitting. 

More profound physical tuning can be achieved by applying mechanical stress, 

temperature variations, plasmonic couplings, or radiation (Figure 1.3).  

Both of the approaches demonstrate effectiveness because they target fundamental 

PL mechanisms. Chemical methods can provide the stable modifications through 

permanent structural changes, while physical methods offer real-time control by 

externally manipulating same underlying electronic and structural properties as well. In 

addition, these external stimuli modify the phosphor’s electronic structure without 

chemical alteration, which leads to a class of stimuli-responsive phosphorus, or namely, 

“smart phosphors”.11 This dual capability enables both fixed-property phosphors for 

specific applications and potentially adaptive systems for dynamic PL control. 
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Figure 1.3 Schematic of physical methods of PL tuning.12  

 

1.1.3 Applications of phosphors  

The most conventional and industrialized application of phosphors lies in the 

solid-state lighting, particularly through the phosphor-converted light-emitting diodes 

(pc-LEDs).13 14 It has transformed illumination and display technologies by achieving 

higher energy efficiency and better environmental sustainability. Phosphor materials 

serve as critical components in these systems, converting blue or UV LED emission 

through the down-conversion (DC) pathway into visible light emission for applications 

including the general lighting and displays. The evolution of phosphors has progressed 

through distinct generations. The initial materials prioritized high luminous output for 

basic white lighting applications, until the discovery of YAG with both ultrahigh 

stability, quantum efficiency, and preferred blue absorption.15,16 Subsequently, the 

developments of phosphors start to focus on enhancing color rendering indices through 

the introduction of red- and cyan-emitting phosphors,17,18 as well as narrow-band 

emitters for backlighting systems where color gamut performance is required.19 Recent 

developments target broadband NIR phosphors for specialized functions such as health 
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monitoring and plant cultivation.20,21 Other breakthroughs have also been made in 

ceramic phosphors designed for high-power light sources.22 Despite these strides, 

ongoing challenges still persist, including balancing luminous efficacy with color 

quality and ensuring thermal and chemical robustness at operational temperatures up to 

150 °C; The discovery and engineering of such materials remains essential for 

advancing the performance and versatility of solid-state lighting across many diverse 

lighting and backlight display applications.23,24 

1.2 Smart phosphor 

1.2.1 Stimuli-responsive PL modulation in smart phosphors 

“Smart phosphor” represents a class of luminescent materials with emission 

properties that can be dynamically and reversibly modulated by external stimuli.11 The 

stimuli can range from electric or magnetic fields, mechanical stress, temperature, and 

light. Unlike conventional phosphors, whose luminescence characteristics are largely 

fixed after the syntheses, “smart phosphors” are designed to integrate the functional 

attributes of smart materials with the optical activity. This is achieved through strategic 

coupling between the host matrix and activator ions, often leveraging properties such 

as piezoelectricity, ferroelectricity, or magnetostriction to mediate the interaction 

between external stimuli and the luminescent centers.11  

For example, in a piezoelectric-coupled “smart phosphor” system such as ZnS:Mn 

thin films integrated on a PMN-PT (Pb(Mg1/3Nb2/3)O3-PbTiO3) piezoelectric substrate, 

the application of an electric field induces strain in the PMN-PT, which is then 

transferred to the ZnS:Mn layer.25 Consequently, the local crystal field environment of 
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the Mn2+ dopant ions is altered, thereby modulating both the PL intensity and spectral 

profile in a reversible manner. Additionally, in light-driven photochromic “smart 

phosphors” such as Er3+-doped Na0.5Bi2.5Nb2O9, exposure to specific wavelengths of 

light induces reversible formation of color centers in the host, which interact with the 

emission bands of Er3+ ions and enable dynamic modulation of luminescence through 

ET processes.26 These stimuli-responsive mechanisms not only provide new degrees of 

freedom for controlling light emission but also open up opportunities for 

multifunctional optoelectronic devices, adaptive displays, and advanced sensing 

platforms. The development of “smart phosphors” thus marks a significant advance in 

the field of optical functional materials, offering both fundamental insights and 

practical pathways toward intelligent photonic technologies. 

1.2.2 Smart phosphors for information applications  

Building upon the unique stimuli-responsive PL modulation described above, 

“smart phosphors” offer distinct advantages for information-related applications. Their 

ability to undergo controlled and reversible changes in emission properties under 

external stimuli enables the direct encoding, concealment, and dynamic retrieval of 

information using visible light that are observable to the naked eye or simple devices.27 

28 Besides, “smart phosphors” also exhibit other advantages in information encryption 

and memory storage like the stimuli-responsive optical properties, high color purity, 

tunable lifetimes, and dynamic behavior under external triggers (Figure 1.4a). These 

characteristics enable the creation of sophisticated anti-counterfeiting systems with 

enhanced security and multidimensional encryption capabilities.29 For instance, the 

time-dimension encryption exploits PersL luminescence decay rates, where varying 
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doping concentrations of ions like Cr3+ or Pr3+ generate distinct afterglow durations and 

color shifts, allowing hidden information (e.g., codes, letter, symbols, patterns, etc.) to 

emerge sequentially post-excitation. Photon-controlled binary storage leverages 

plasmonic effects in materials such as Y2O3:Eu3+-Au, where specific laser powers write 

(“1”) or quench (“0”) luminescence states, achieving self-encrypted data storage 

readable only under precise optical conditions.30 These approaches ensure high-security 

information concealment through dynamic, multilevel verification mechanisms without 

specialized equipment. 

Beyond information encryption, the stimuli-responsive characteristics of “smart 

phosphors” also make them promising candidates for information sensing, including 

temperature monitoring and ultrasensitive biological detection. Recent advances in 

luminescent thermometry have established “smart phosphors” as highly effective 

materials for temperature sensing, owing to their non-contact, ratiometric, and self-

referenced measurement capabilities. The primary mechanism relies on the 

luminescence intensity ratio between emissions from thermally coupled excited states, 

such as the 2H11/2 and 4S3/2 levels of Er3+ ions, whose population ratio follows the 

Boltzmann distribution and therefore vary predictably with temperature. This approach 

enables accurate temperature readouts that are largely independent of excitation power 

fluctuations and environmental interference. Recently, the PL-based ratiometric optical 

fiber thermometry was developed based on NaLaTi2O6:Yb/Er phosphors as shown in 

Figure 1.4b, enabling an operando, solitary, and high-fidelity temperature monitoring 

within working Li-ion batteries.31 It can achieve exceptional temperature measurement 

accuracy of ±0.12 °C, which is higher than conventional optoelectronic counterparts. It 

also demonstrated robust stability against environmental disturbances. 
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Furthermore, the advancement of smart luminescent materials, particularly UC 

nanoparticles (NPs), in biosensing leverages their unique photophysical properties for 

high-sensitivity pathogen detection. The core mechanism involves anti-Stokes 

processes like ET UC, where Ln ions (e.g., Yb3+/Er3+) convert NIR photons to 

visible/UV emissions, enabling deep-tissue penetration and minimal photodamage. 

Coupled with Förster resonance ET (FRET), UC NPs act as donors to quenchers (e.g., 

Au NPs or graphene quantum dots), with ET efficiency modulated by analyte proximity, 

facilitating real-time, label-free detection. Most importantly, PL-based biosensing 

significantly enhances sensitivity and achieves ultra-low limits of detection (LoD). 

Recent works demonstrate high accuracy achieved by BaGdF5:Yb3+/Er3+ UC NP-AuNP 

FRET assays, showing limits of detection of 7 pM for avian influenza virus H7 genes 

and 300 fM for Ebola oligonucleotides.32 The high sensitivity PL sensing can be 

directly integrated with camera and machine vision analyses (Figure 1.4c), achieving 

LoD of 0.021 ng/mL for carcinoembryonic antigen that surpasses commercial lateral 

flow assay strips by ~100-fold.33 

In summary, “smart phosphor” has already demonstrated broad applicability 

across information encryption, temperature sensing, and biosensing. Their unique 

combination of stimuli-responsive PL, high sensitivity, and versatility continues to 

drive innovation in fields ranging from information security and optical data storage to 

biomedical diagnostics, underscoring their significance as multifunctional platforms for 

next-generation information and sensing technologies. 
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Figure 1.4 Smart phosphors for various applications. (a) Information encryption.34 

(b)Temperature sensing.31 (c) Bio-sensing.33 

 

1.3 FE thin films 

1.3.1 Ferroelectricity 

Ferroelectrics are a class of dielectric materials that possess a spontaneous electric 

polarization. This polarization can be reversibly switched by applying an external 

electric field exceeding the coercive field (Ec) of the FE material.35 Generally, as the 

temperature exceeds the Curie temperature (Tc), the spontaneous polarization in FE 

materials will vanish, associated with a structural transformation from a non-symmetric 

FE phase to a high-symmetry non-polar paraelectric phase. The macroscopic 
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spontaneous polarization of FE materials can be characterized by the polarization-

electric field (P-E) hysteresis loops (Figure 1.5). Materials possessing piezoelectric and 

FE properties hold great potential for the developing functional devices including 

actuators, sensors, energy harvesters, synapses, and data storage devices, driving 

advancements in technology. 

 

Figure 1.5 P-E hysteresis loop for a conventional FE material.36 Psat: saturated 

polarization. Pr: remnant polarization.  

 

The discovery of ferroelectrics can be dated back to the early 1920s, where 

Valasek report the first demonstration of ferroelectricity in the Rochelle salt.37 Since 

then, extensive efforts have been devoted to discovering new FE materials.38 The most 

investigated FE materials have been oxide perovskites with general formula of ABO3, 

where A can range from alkali earth, TM, to Ln ions, whereas B is mostly chosen from 
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TM ions.39,40 The ferroelectricity in these perovskites arises from a structural phase 

transition at the Tc. For example, BaTiO3 (BTO) transforms from the high-symmetry 

and paraelectric cubic phase to the non-symmetric tetragonal FE phase. During the 

process, relative displacements between the cations (e.g., B-site metal) and the anion 

(oxygen) sublattice occur spontaneously along a specific crystallographic axis, 

breaking inversion symmetry and generating the stable and switchable spontaneous 

polarization along the axis within the unit cell. These dipoles can be persistently 

remanent until switched by reverse bias or gradually faded due to the depolarization 

fields. Again, taking the most representative FE material of BTO as an example, a 

displacement of 0.05 Å was found in the Ti ion at the body center along +b direction 

upon applying electric fields. At the same time, oxygen atoms are displaced 0.08 Å in 

the -b direction.41 Therefore, a spontaneous electric dipole is thus formed. 

Comprehensive research on FE materials and their unique electrical properties has 

significantly advanced the understanding of FE mechanisms and the discovery of novel 

FE materials. Notably, emerging FE materials demonstrate a distinct trend towards 

miniaturization into the two-dimensional (2D) and ultrathin regimes (Figure 1.6).42 The 

family of FE materials has been substantially expanded beyond traditional oxide 

perovskites to include organic FE polymers, hybrid organic-inorganic halide 

perovskites, and particularly 2D materials such as α-In2Se3,43 CuInP2S6,44,45 and 

WTe2,46,47 alongside with engineered heterostructures and exfoliated ultrathin 

freestanding membranes.48,49 
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Figure 1.6 Schematics of key attributes of FE and potential device applications.50 

1.3.2 FE HfO2 

HfO2 is a simple binary metal oxide. It has long been recognized for its high-k 

dielectric properties.51 However, a paradigm shift occurred in 2011 with the discovery 

of FE in the thin and Si-doped polycrystalline HfO2 films.52 This fluorite-structured 

material features a metastable polar orthorhombic (o-) phase (Pca21) that enables 

spontaneous polarization switching, facilitated by singly oxygen anion displacement 

rather than metal cation off-centering typical of perovskite ferroelectrics. Since then, 

FE HfO2 oxide has attracted significant attention in recent years due to its unique 

combination of CMOS compatibility, scalability, and robust FE at ultrathin thicknesses. 

Unlike traditional perovskite ferroelectrics, FE HfO2-based films maintain stable FE 

polarization even at thicknesses below 10 nm, which is the ultrathin scale compared to 
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conventional oxide and polymer ferroelectrics. The ferroelectricity in hafnium oxide is 

primarily associated with the stabilization of the non-centrosymmetric o-phase, which 

can be achieved through various processing conditions and, in some cases, appropriate 

doping. The reported Pr values typically ranging from 10 to 30 μC/cm2. However, major 

challenges also persist in front of practical applications of FE HFO2, including the 

electrical wake-up effect, insufficient endurance, retention loss, imprint, and device-to-

device variability arise from oxygen vacancies and phase instability.52 

Recent advances have focused on understanding the scaling behavior, domain 

dynamics, and the influence of interfaces and grain boundaries on device performance. 

State-of-the-art studies have demonstrated the integration of HfO2 ferroelectrics into 

FE field-effect transistor (FET) and capacitors, achieving sub-10 nm device dimensions 

with low operating voltages and high endurance. Furthermore, emerging research is 

exploring the potential of HfO2-based materials in neuromorphic computing and 

negative capacitance (NC) devices.  

As extensively summarized in Figure 1.6, FE HfO2 has demonstrated significant 

potential in a wide range of FE devices. The early work on initial planar FE FETs with 

Si-doped HfO2 gate dielectric was fabricated just one year after the discovery of FE 

HfO2.53 It demonstrated nonvolatile memory functionality at 28 nm channel lengths, 

which can be used for binary data storage at highly compatible scales. Fin-type FE 

FETs designs further improved gate controllability and achieved operational speeds 

reaching the GHz range, suitable for central processing unit applications. The adoption 

of gate-all-around (GAA) configurations provides superior electrostatic control, 

effectively suppressing the short-channel effects and hence facilitating device scaling.54 

In the meantime, the NC effect in FE-HfO2-based NC-FETs enables the pursuit of sub-
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60 mV/decade subthreshold swing, offering a pathway to overcome the Boltzmann 

limit for ultralow-power switching.54 Very recently, the integration of FE HfO2 as FE 

gate on GaN-based high-electron-mobility transistors achieves simultaneous increase 

in the ON current and decrease in the leakage current.55 Collectively, these 

implementations across varied transistor architectures validate FE HfO2 as versatile 

materials for next-generation electronic devices (Figure 1.7). The continuous evolution 

in related device structures also underscores the adaptability of FE HfO2 to increasingly 

demanding semiconductor technology. 

 

Figure 1.7 Summary of FE HfO2 in multiple electronic device applications.56 

 

 

1.3.3 Coupling between ferroelectricity and optical properties 

Electro-optical coupling leverages the reversible polarization and strain effects 

inherent in FE/piezoelectric materials to dynamically manipulate optical processes. FE 
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gating exploits the ultrahigh dielectric constant and hysteretic P-E response of 

perovskite oxides (e.g., BTO, PMN-PT) to nonvolatility modulate carrier density and 

band alignment in adjacent semiconductors, as demonstrated in MoS2-based 

photodetectors where FE Poly(vinylidene fluoride) polymer gating significantly 

enhanced responsivity and extended spectral response to ~1550 nm. Concurrently, 

piezoelectric strain engineering utilizes giant piezoelectric coefficients to induce biaxial 

strain through converse piezoelectric effects, enabling in-situ tuning of semiconductor 

band structures. 

The coupling between PL and FE was pioneered by our group in the year of 2011 

in the Er3+-doped in FE BTO thin films, which arises from the hypersensitive response 

of Er3+ activators to the local crystal-field symmetry.57 It can be dynamically altered by 

FE polarization switching by applying external electrical fields. The electric-field-

induced lattice distortion selectively enhanced the hypersensitive green UC PL 

transitions by 270% (Figure 1.8a). Such coupling effect further leads to the electro-PL 

modulation for construction of dual-mode logics (Figure 1.8b).58  

In the meantime, the non-volatile electro-optic modulation can be achieved in FE 

PMN-PT crystals.59 By applying electrical pulses, the alignment of FE domains in 

PMN-PT can be precisely controlled, enabling stable and multi-level changes in 

refractive index and optical phase (Figure 1.8c). The mechanism relies on FE domain 

engineering, where switched domains enhance the electro-optic effect and allow 

programmable phase shifts. The demonstrated electro-optical modulation shows fast 

switching within 100 ms, low energy consumption of 234 nJ. Similarly utilizing FE 

domain control, PL tuning can be achieved in the metal-ion-luminescence in hybrid 

halide perovskites. Researcher synthesized Mn-doped (BA)2CsPb2Br7 to achieve 
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tunable PL modulation by FE domains and lattice distortion.60 The films show excellent 

stability and FE properties, enabling multi-state signal encoding and logic gate 

functions based on non-volatile and multistate PL multiplexity (Figure 1.8d).  

 

Figure 1.8. Research progress on the coupling effects between FE and optical/PL 

properties. (a) Pioneering work in the fields of FE-PL coupling effect in BTO:Yb/Er 

thin film.57 (b) Establishment of electro-PL logics in BTO:Yb/Er thin film.58 (c) Electro-

optical modulation of FE PMN-PT for optical memory.59 (d) Phase-modulated non-

volatile PL in FE quasi-2D perovskite quantum wells for electro-PL logics.60  

 

1.4 Motivation and significance of the research 

The motivation for this research arises from the increasing demand in the 

information era for advanced multimodal information processing capabilities that 
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transcend traditional electrical approaches. In the information era, the exponential 

increase in data volume and complexity, together with the widespread emergence of 

multimedia information sources, has highlighted the inadequacies of traditional 

electrical paradigms in meeting the demands of modern information processing. As 

light being the most common media of information, PL has long served as a cornerstone 

for optical information storage and display. Nevertheless, existing PL-based systems 

are predominantly restricted to static or passive functionalities, with their dynamic and 

neuromorphic capabilities remaining largely unexplored. There is mounting need for 

phosphor materials to go beyond the boundaries of singly stimulus-responsive 

mechanisms, and to exhibit sophisticated functionalities as in-memory information 

processors. On the other hand, the practical application of PL-based mechanisms in 

information processing faces significant obstacles related to miniaturization and 

integration. As device architecture continues to scale down to the ultrathin and 

nanoscale dimensions, PL-active materials are increasingly susceptible to quenching 

effects, reduced emission intensity, and compromised uniformity; all of which 

collective diminish their effectiveness for potential dynamic optical information 

processing ability. These scaling challenges not only impair PL efficiency but also 

hinder the integration of PL functionalities with other main-stream platforms, such as 

the electronic systems, thereby constraining the realization of multifunctional and 

multimodal devices. 

Motivated by these challenges, this research seeks to pioneer the use of PL in smart 

nanocomposites to first examine the potential of PL-based from the dynamic aspects 

and explore PL-based information processing. The work further intends to explore the 

integration of PL into FE ultrathin films, aiming to establish novel and multi-mode 
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information processing platform at the nanoscale, aiming to unlock the full potential of 

PL for as the emerging information technologies. 

1.5 Research objectives of the thesis 

As illustratively displayed in the flowchart in Figure 1.9, the main objectives of 

the present work are:  

1. To construct smart nanocomposites with PL-based neuromorphic behaviors, and to 

examine the feasibility of neuromorphic computing based on PL functions. 

2. To integrate PL functions into FE HfO2 at ultrathin-film scale for future dual-mode 

devices. 

The thesis is structured into six chapters as follows: 

Chapter 1: Introduction. This chapter first presents a general background of the 

photophysical process of PL. Their widespread applications in information storage, 

display, lighting, and sensing are then discussed. Next, the concept of “smart phosphor” 

with stimuli-responsive PL modulation and their emerging applications has been 

introduced. Finally, the structure of the research objectives is schematically illustrated.  

Chapter 2: Experimental methods. This chapter describes the major experimental 

procedures used for materials preparation and thin-film growth in this thesis. The 

characterization methods as well as their mechanisms are then described. Lastly, 

theoretical simulations and software-based ANN simulation setups are introduced.  

Chapter 3: MHPe@MYE smart nanocomposites with PL-based neuromorphic 

behaviors. This chapter reports on the construction of porous smart nanocomposites 

MHPe@MYE with light-induced and dark-recoverable dynamic PL properties. Their 
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PL variation process exhibits synaptic-like behaviors, including PPF, LTM, and both 

short- and long-term potentiation (STP and LTP), closely mimicking biological 

synaptic plasticity. The system also enables distinct “Write” and “Read” operations 

through PL functions, establishing the platform for all-optical neuromorphic 

functionalities with high reproducibility. 

Chapter 4: PL-based Physical Reservoir Computing based on MHPe@MYE 

smart nanocomposites. The work in this chapter exploits the intrinsic nonlinear and 

history-dependent PL dynamics of MHPe@MYE smart nanocomposites to process 

temporal optical information as physical reservoir. The system demonstrates 

discrimination of 4-bit binary sequences through unique PL kinetic signatures and is 

further integrated with software-based artificial neural networks (ANN) for 

downstream recognition tasks, evidencing the full potential of PL in neuromorphic 

computing upon proper materials design. 

Chapter 5: Integrating DC/UC PL and high-endurance ferroelectricity into HfO2 

towards dual-mode ultrathin-film platform. The work present in this chapter 

features the development of Er-doped HfO2 (HErO) ultrathin films by PLD. Theoretical 

simulations first elucidate the dual role of Er dopants in stabilizing the FE o-phase and 

introducing localized 4f states that enables both UC and DC PL. The resultant PLD-

grown high-quality HErO exhibits robust FE with notable endurance up to 1011 

polarization switching cycles. In the meantime, PL measurements reveal both the 

visible UC and NIR DC emissions under 980 nm excitation of HErO at ultrathin level 

(~11 nm). The findings establish HErO as a dual-mode platform, potentially paving the 

way for advanced multi-mode devices at the nanoscale. 
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Chapter 6: Conclusions and future prospects. This section gives an overall view of 

the major findings in this thesis, whereas future works on extending PL-based 

neuromorphic functions and coupling FE with PL at ultrathin-film platform are further 

proposed. 

 

Figure 1.9 Structure of the research presented in this thesis. 
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Chapter 2 Experimental Techniques 

2.1 Construction of smart nanocomposites and FE ultrathin 

films 

2.1.1 Hard-templated Sol-gel synthesis process 

The hard-templated sol-gel synthesis of porous oxides is a versatile strategy that 

combines the use of a pre-formed template, such as silica or poly(methyl methacrylate) 

(PMMA), with sol-gel chemistry to achieve well-defined nanoscale porous structures.61 

In this approach, the template provides a rigid, ordered framework that dictates the final 

pore architecture, while the sol-gel process enables the infiltration and subsequent 

formation of the inorganic oxide network within the template’s voids. Typically, the 

procedure in synthesizing MHPe@MYE smart nanocomposites involves preparing a 

colloidal crystal of close-packed PMMA spheres, followed by infiltration of the 

interstitial spaces with the sol precursor of target metal oxides. Upon gelation and 

thermal treatment, the inorganic precursor solidifies and the PMMA template can be 

removed by calcination, resulting in a porous oxide that is a negative replica of the 

original template. This method allows precise control over pore size and connectivity, 

as determined by the template, and circumvents the challenges of direct assembly in 

sol-gel systems, such as phase separation or collapse of the mesostructured.  
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2.1.2 The PLD process 

PLD is a versatile thin-film growth technique that harnesses pulsed lasers to ablate 

target material from a solid target and deposit it onto a substrate. The photo of the PLD 

chamber used in this study is shown in Figure 2.1. When a laser pulse, such as the KrF 

excimer beam at 248 nm with a pulse duration of ~20 ns, is focused at energy density 

of ~1.0-2.0 J/cm2 onto the target surface under an ultra‐high vacuum or controlled 

atmosphere chamber, the intense and localized energy can be absorbed within the 

optical penetration depth (tens of nanometers), resulting in a rapid heating above the 

target’s vaporization threshold. This impulsive heating generates a transient and high‐

temperature plasma plume containing atoms, ions, clusters, and particulates. The plume 

would expand perpendicular to the target surface under a combination of thermal effects 

and Coulombic forces, which is also strongly influenced by the atmosphere, substrate 

temperature, the distance target between substrate, and laser repetition rate. Such 

multiple parameters can be finely tuned during experiments to optimize the kinetic 

energy of ablated species before arrival on the substrate. On critical merits of PLD is 

that it can enable near‐stoichiometric transfer of multi‐element targets, making it ideally 

suited for complex oxides, such as La0.7Sr0.3MnO3 (LSMO). In this work. In this thesis, 

the FE ultrathin films of HErO (3-30 nm), together with the buffer LSMO layer (20-50 

nm), were grown on SrTiO3 (STO) (001) substrates (5×5 mm) by PLD.  
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Figure 2.1 Photo of the PLD system used in this research.  

2.2 Material characterizations 

2.2.1 Powder X-ray diffraction analyses and Rietveld refinement 

X-ray diffraction (XRD) analysis is widely used for non-destructive 

characterization for determining the structure and crystalline information of samples. 

The schematic illustration of the XRD working principle is shown in Figure 2.2. The 

waves scattered by the lattice planes can be effectively collected provided that the 

incident angle (𝜃) satisfies the Bragg’s-law criterion: 

2𝑑௛௞௟ sin 𝜃 = 𝑛𝜆 

where 𝑑௛௞௟ is the lattice plane spacing and 𝜆 is the wavelength of X-ray source 

(here, Cu Kα, λ = 1.5406 Å). During scanning, the specimen stage and detector are kept 

in the θ-2θ configuration, and diffraction peaks corresponding to different 

crystallographic planes are recorded over a continuous scanning angular range. 

Specifically for the smart nanocomposite samples of this research in powder form, a 
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Rigaku SmartLab 9kW was used with the Bragg-Brentano (BB) focusing optic 

alignments. The utilized BB mode can maximize intensity by concentrating diffracted 

X-rays from large sample areas while maintaining adequate angular resolution, which 

are highly suitable for polycrystalline and bulk samples. 

 

Figure 2.2 Schematic of operating principle of XRD. 

After data collection, the Rietveld refinement method is applied to extract the 

quantitative crystallographic and microstructural parameters, such as crystalline 

parameters, strains, dopant occupations, phase ratio, thermal displacement factors, etc. 

Rietveld refinement is performed in a full-pattern fitting approach, where the algorithm 

iteratively fits these parameters to minimize the overall difference between measured 

and simulated intensities curve across the full 2θ range. The quality of a refinement can 

be assessed by statistical indicators, such as the weighted profile R-factor (Rwp) 

defined as: 

𝑅wp  =  ඨ
∑ 𝑤௜୧   ൫𝑌obs,௜ − 𝑌calc,௜൯

ଶ

∑ 𝑤௜௜ 𝑌obs,௜
ଶ  

where 𝑤௜  is the weight of step 𝑖; 𝑌obs,௜  and 𝑌calc,௜  indicate the observed and 

calculated fractional discrepancy at step 𝑖, respectively. 10% is a commonly accepted 
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criteria for acceptable Rwp, with lower value indicates even better agreement of the 

fitting. Furthermore, goodness-of-fit (GoF) can be qualified by: 

GoF (𝜒²)  =  (
𝑅wp

𝑅exp
)² 

with 𝑅exp  representing the statistically expected R-factor. An acceptable 𝜒² 

should be below 3.00, with the ideal value of being 1.00. The above two parameters 

can give a rapid and quantitative check on the reliability of the refined results. 

2.2.2 High-resolution thin-film XRD analysis 

For epitaxial multilayer thin films, high‐resolution XRD is commonly required for 

detailed structural analyses to achieve both high angular resolution and strong 

suppression of unwanted spectral components. In these cases, Ge(220) single‐crystal 

monochromator is usually required. The Ge{220} lattice planes satisfy Bragg’s law for 

the Cu Kα1 radiation. Therefore, as the X-ray beam undergoes two- or four-bounce 

Bragg reflections within the monochromator (Figure 2.3a), the unwanted Kα2, Kβ, and 

background noise can be effectively filtered out. The sharp difference before and after 

monochromator treatment has been demonstrated in Figure 2.3b and Figure 2.3c.62  
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Figure 2.3 (a) Optics setup of Ge(220) monochromator for high-resolution thin-film 

XRD. (b) Comparison of XRD signals using normal PB, Ni-filtered PB, 2-bounce 

Ge(220), and 4-bounce Ge(220) monochromator, respectively. (c) full‐width at half‐

maximum (fwhm) parameters of XRD peak using different optics62.  

 

The fundamental measurement for epitaxial thin‐film crystallography is the 

unsymmetric 2θ-ω scan. The direction of ω, χ, and φ in the sample measurement plane 

is illustrated in Figure 2.4. Compared to the default θ-2θ configuration, in this mode, 

the incident angle ω was calibrated to ensure that the bisector of incident and diffracted 

beams can always remain normal to the sample surface. This configuration ensures that 

only crystallographic planes parallel to the film plane contribute to the diffraction signal, 

ensuring the best representation of the crystallography information of the thin film. Also, 

because all the thin-film layers in this work are a few tens of nanometers thick, film 

diffraction peaks, together with all related crystallographic information, can be orders 

of magnitude weaker than substrate peaks. Accordingly, the pattern is frequently plotted 

onto a logarithmic intensity scale for the better visualization of the XRD results. 
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ω rocking curve measurements are then employed to quantify the angular spread 

of the given crystallographic plane in order to determine the domain mosaicity and 

dislocation density. Here, the detector is fixed at a specific Bragg angle 2θ 

corresponding to the chosen hkl reflection of interests, while the incident beam is 

relatively rocked through small variations around the ideal orientation (ω = 2θ/2), 

giving the rocking curve of a specific crystalline plane. The fwhm of this rocking curve 

directly reflects the distribution of local tilt angles among adjacent coherent domains, 

which are key judgements of the epitaxial quality. While the fwhm of polycrystalline 

and textured films often exceed 1°, a high‐quality epitaxial film can exhibit small value 

below 0.1°. 

In addition, X‐ray reflectivity (XRR) is a complementary low‐angle technique that 

exploits the total external reflection and thin‐film interference of X-ray to extract film 

thickness, interface roughness, and mass‐density contrast. At incident glancing angles 

below the critical angle (θc), the X‐ray beam can be mostly reflected by the thin-film 

sample, producing a high‐intensity plateau. As the incident angle increases above θc, 

the transmitted and reflected waves from the surface and interface of the thin film 

interfere with each other, generating a series of periodic oscillations (Kiessig fringes) 

in the reflected intensity. The fringe period is inversely proportional to the total film 

thickness, while the trend of amplitude decay is controlled by the roughness and mass 

density of the thin film. Therefore, fitting the XRR curve can yield thin-film thickness 

to sub‐nanometer precision, which is a powerful tool for thin-film characterizations. In 

this research, the fitting of XRR utilizes an open-source software GenX 3. 

Lastly, the in‐plane epitaxial orientation relationships of the thin films have been 

probed via azimuthal φ scans. After aligning the samples at a chosen set of lattice planes 
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at fixed ω, 2θ, and χ corresponding to the interplanar angle between the film normal 

and the chosen planes, the in-plane φ angle was rotated through 0°-360°. The number 

of distinct peaks and their angular spacing directly reveal the in‐plane symmetry and 

the number of rotational domains of the epitaxial thin films. Additional peaks imply 

multiple domains or rotational variants, and a continuous intensity ring indicates 

random in‐plane orientation.  

 

Figure 2.4 Configurations of thin-film XRD measurements. 

 

2.2.3 PL spectroscopy 

The PL spectroscopy serves as an effective non-invasive optical method for 

analyzing the PL properties of the luminescent materials. It is also widely used to probe 

the electronic structure, defect states, and band gap characteristics of semiconducting 

materials. The PL phenomenon refers to a specific luminescence process, where the 

matter absorbs photons to reach excited electronic states, and then falls back to the 

ground states by emitting photons. The photon energy of PL emission is related to the 

various energy-level differences between each two electronic states, which is generally 

lower than the photon intakes. The redshifts between absorption photon to emitted 
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photon is known as Stokes shifts, while those emitting higher photon energy is 

accordingly categorized as anti-Stokes shift emissions. Categorized by the PL delay 

lifetimes, which can be influenced by the trapped states, Laporte and spin selection 

rules, and electron-phonon coupling effects,7 PL is further divided into fluorescence 

(short lifetimes within μs) and phosphorescence (> ms-level). The PL process related 

in this thesis is all fluorescence. In a typical PL experiment, incident photons from 

excitation light sources reach and become absorbed by the sample materials, pumping 

electrons from the valence band or ground state into higher energy levels. These 

electrons then relax back to lower energy levels via radiative transitions, generating 

light emission to reach the photodetector or photomultiplier tube (PMT). The analyses 

of both the steady emission spectrum and the decay kinetics offers detailed insight into 

trap states, dopant levels and ET pathways within the sample. 

In this thesis, the steady state and time-resolved PL measurements reported here 

were carried out on an Edinburgh Instruments FLS 920 spectroscopy. A photo of the 

equipment used is shown in Figure 2.5. This modular system features two excitation 

arms, each able to accommodate either a continuous xenon lamp, pulsed diode laser, or 

LED light sources and a common emission arm that delivers the signal to a high 

sensitivity PMT detector. The utilized excitation sources of FLS 920 in this thesis were 

Xeon lamp, laser diodes of 980 nm and 360 nm, and LEDs as the excitation sources. 
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Figure 2.5. Photo of the Edinburgh FLS 920 spectroscopy used in this thesis. 

 

2.2.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical tool that 

provides quantitative information on the elemental identity, chemical stoichiometry, 

and electronic/chemical states on the surfacial layers of the sample. The 

characterization mechanism relies on the photoelectric effect. In XPS analysis, the 

sample surface is irradiated with X-rays, resulting in the emission of photoelectrons 

whose kinetic energies are characteristic of their binding energies within the 

microstructural or crystalline structure of the material. By measuring the kinetic energy 

of these emitted electrons, it is possible to construct a photoelectron spectrum that 

reveals distinct peaks corresponding to specific elements, and their corresponding 

chemical environments can be further studied. In this thesis, a Thermo Scientific Nexsa 

X-ray photoelectron spectrometer was employed for XPS analyses of the HErO thin 
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films to probe the doping environments of Er and Hf upon introducing Er dopants to 

stabilize the FE phase of HfO2. 

2.2.5 Scanning transmission electron microscopy 

Scanning transmission electron microscopy (STEM) operates by directing a highly 

focused and accelerated electron beam onto an ultrathin specimen (Figure 2.6). As the 

incident electrons interact with the atoms in the sample, they are scattered at various 

angles, a process known as solid-angle scattering. The extent of this scattering is 

influenced by both the density and thickness of the material, resulting in image contrast 

that reflects these properties. The scattered electrons are subsequently detected by 

imaging devices such as phosphor screens or photosensitive detectors, where the signal 

is magnified and focused to produce high-resolution images. Due to the extremely short 

de Broglie wavelength of electrons, STEM can achieve spatial resolutions up to an 

order of 1 angstrom, far surpassing that of conventional optical microscopy, with 

magnifications reaching several million times. This exceptional resolution enables 

direct visualization of fine structural details, including individual atomic columns, 

which are orders of magnitude smaller than the features resolvable by light microscopy. 

At lower magnifications, image contrast in TEM primarily arises from differences in 

electron absorption, which are dictated by variations in sample thickness and 

composition. At higher magnifications, however, complex electron wave interference 

effects can influence image intensity, necessitating advanced analytical approaches to 

interpret the resulting data. STEM offers a range of imaging and analytical modes, 

allowing for comprehensive investigation of materials in terms of their chemical 
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composition, crystallographic orientation, electronic structure, phase shifts, and 

conventional absorption characteristics.  

In this work, STEM techniques was employed for four principal purposes: (1) 

high-resolution TEM (HRTEM) imaging for direct insight into the atomic arrangement 

and lattice structure of nanocomposites; (2) cross-sectional TEM (CSTEM) imaging, 

used for mapping large-scale epitaxial layers of the HfO2 thin films; (3) energy-

dispersive X-ray spectroscopy (EDX) and elemental mapping, aiming to reveal the 

elemental composition and distribution of both smart nanocomposites and FE ultrathin 

multilayers; (4) Integrated differential phase contrast (iDPC)-STEM and high-angle 

annular dark-field (HAADF)-STEM imaging, to capture both light (oxygen) and heavy 

(metals like Hf, La, Sr, etc.) elements with high contrast and angstrom precision, 

provides critical insights on the quality, epitaxial orientation, and domain structure of 

FE ultrathin multilayers. STEM analyses for the Chapter 3 and 4 were conducted by a 

Tecnai TF30 transmission electron microscope, while the STEM images in Chapter 5 

were taken in a Thermo Fisher Spectra 300 using cross-section samples prepared by 

focused ion-beam-cutting. 
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Figure 2.6 Block-diagram of scanning transmission electron microscopy.63  

 

2.2.6 Energy dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS) is a micro-analytical technique that 

identifies and quantifies the elemental constitution of a specimen by measuring the 
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energy and intensity of its characteristic X-ray emissions. The method is conventionally 

coupled with SEM and STEM equipment to obtain spatially resolved chemical 

information. The physical basis of EDS lies in the interaction between a focused 

electron beam and the measured sample. The physical scheme is shown in Figure 2.7. 

Upon electron irradiation, core-shell ionization occurs; when higher-shell electrons fill 

the resulting vacancies, the excess energy is released as X-ray photons rather than being 

re-absorbed by the atom. These emitted photons possess energies equal to the difference 

between the involved electronic states, which enables the element-specific recognitions. 

Consequently, the emitted spectrum constitutes fingerprint signals of the corresponding 

elements present in the sample, enabling semi-qualitative identification based on the 

integrated intensity. This is enabled by the fact that each characteristic line scale is 

monotonically related to the concentration of the detected element.  

 

Figure 2.7 Fundamental principle of energy dispersive X-ray spectroscopy.64 
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2.2.7 Scanning probe microscopy 

Scanning probe microscopy (SPM) encompasses a family of advanced techniques 

that enable the investigation of material properties and surface features at the atomic or 

nanoscale. The fundamental principle of SPM is based on the detection and analysis of 

various interaction forces between a nanometer-scale probe and the sample surface. 

Among the diverse SPM techniques, atomic force microscopy (AFM) is the most 

widely utilized due to its versatility in imaging surface topography, height, roughness, 

and phase contrast. In AFM, a nanoscale probe attached to a cantilever scans the sample 

surface, and its deflection as monitored by a laser can reflect surface features (Figure 

2.8). AFM can operate in contact, tapping, and non-contact modes.65 Contact mode 

offers high accuracy but risks damaging the sample, while non-contact mode is non-

destructive but less accurate. Tapping mode, used in this study, oscillates the tip near 

the resonance frequency to capture high-resolution images without harming the sample. 
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Figure 2.8 Schematic view of the working principle of AFM.65 

 

Piezoresponse force microscopy (PFM) is a direct method to investigating FE 

domains in the ultrathin FE materials. A conductive tip is brought into contact with the 

sample, and an AC voltage is applied, inducing a periodic strain in piezoelectric 

materials via the inverse piezoelectric effect, which in turn causes periodic deflection 

of the cantilever. Because the piezo-induced displacements are extremely small (in the 

order of pm/V), measurements are typically performed near the contact resonance 

frequency of the tip to amplify the response. The phase and amplitude of the resulting 

signal, measured using lock-in amplifiers, can provide direct information about the 

orientation and distribution of FE domains. 
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In this work, PFM measurements were conducted using an Asylum MFP-3D 

Infinity SPM in dual AC resonance-tracking (DART) mode. By tracking frequencies 

on both sides of the contact resonance peak, the driving frequency is maintained near 

resonance, amplifying response signals. Lock-in amplifiers simultaneously measure 

amplitudes and phase, enabling imaging of topography, piezoelectric responses, and FE 

domains of HfO2 thin films. 

2.2.8 FE tester 

Compared to conventional P-E hysteresis measurements, the positive-up-

negative-down (PUND) test offers significant advantages in accurately characterizing 

the intrinsic FE switching behavior of materials. In standard P-E measurements, the 

extracted polarization values can be affected by non-FE contributions such as the 

leakage currents, charge injections, and capacitive effects, especially in thin films and 

materials with relatively high conductivity. These parasitic effects can distort the 

hysteresis loop and lead to an overestimation of the true FE polarization. A typical 

PUND measurement employs a sequence of five voltage pulses, as shown in Figure 

2.9. The first pulse (pulse 1) sets the polarization of the sample to a defined state. The 

second pulse, applied in the opposite direction, maintains the maximum voltage for one 

pulse width to ensure complete polarization switching, at which point the polarization 

value P1 is recorded. Further after a waiting period as long as one pulse width, second 

polarization value P2 is then measured. Following a certain pulse delay, the third pulse 

is consequently applied and the polarization value P3 is recorded. Another waiting 

period allows for the measurement of another polarization value P4. The difference (ΔP) 

between P1 and P3 (ΔP = P1 − P3) isolates the true remanent polarization from other 
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factors, as P1 contains both switching and non-switching components, while P3 reflects 

only non-switching contribution. Typically, the ΔPr between P2 and P4 can be also used 

to represent the remanent polarization after accounting for relaxation effects, and ΔPr 

should be equal to ΔP. Pulses 4 and 5 mirror the procedure of pulses 2 and 3 but are 

applied in the opposite direction to obtain the −ΔP and −ΔPr values. Through this pulse 

sequence, the PUND test effectively separates the genuine FE response from non-FE 

artifacts, enabling a more reliable and precise assessment of the “net” FE properties. 

 

Figure 2.9 Schematic of the pulse sequence for the PUND test. 

 

In addition, endurance test was performed by subjecting FE HErO thin films to 

repeated bipolar polarization switching cycles using triangular voltage waveforms. The 

voltage was biased at the LSMO bottom electrode while the top Au/Ti (deposited by E-

beam deposition) was grounded. The cycling was performed at frequencies spanning 

100 kHz to 10 MHz with the total accounts from 108 to 1011. At each order of magnitude, 

three PUND measurements at a test frequency of 1 kHz were carried out so to obtain 

the Pr. By tracking Pr as a function of switching cycles and simultaneously monitoring 

the shifts in the Ec, the onset and progression of FE fatigue can be systematically 

characterized. 
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2.2.9 Synchrotron X-ray absorption Spectrometer 

Synchrotron radiation constitutes electromagnetic radiation emitted by high-speed 

electrons undergoing radially accelerated motion within magnetic fields. Its spectrum 

spans from IR to hard X-ray, offering brightness several orders of magnitude greater 

than conventional X-ray sources. This radiation possesses unique advantages including 

a broad spectrum, high collimation, tunable polarization, and a pulsed time structure, 

establishing it as a pivotal experimental tool for fields such as condensed matter physics 

and materials science In materials characterization, synchrotron radiation proves 

particularly effective for probing atomic-scale local structure and electronic state 

information, enabling detailed analysis of chemical valence states, spin states, 

coordination environments, electronic band structures, and magnetic ordering behavior. 

Furthermore, its inherent time-resolved and spatially resolved capabilities facilitate the 

dynamic capture of structural and electronic state evolution in materials under external 

stimuli.  

In parallel, X-ray absorption spectroscopy (XAS) represents a powerful 

characterization technique based on synchrotron radiation, primarily employed for 

investigating the local electronic structure and atomic environment of specific elements 

in materials. Its fundamental principle involves the strong absorption of incident X-ray 

photons when their energy approaches or exceeds the binding energy of an inner-shell 

electron, such as a 1s or 2p electron, exciting the electron into unoccupied conduction 

band states or continuum states. Here in this thesis, XAS is utilized to investigate the 

atomic environment of Hf of FE HfO2 thin films before and after electrical cycling, 
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which effectively provide insights on the microstructural variations behind the fatigue 

phenomenon of FE HfO2. 

2.2.10 Theoretical simulations 

In this thesis, DFT simulations were performed to provide key insight into the 

physical mechanisms of materials’ properties, including the progressively changed 

halogen migration behaviors in MHPe@MYE and the Er-stabilized oxygen motion 

during electrical cycling of FE HfO2. All simulation utilize the generalized gradient 

approximation (GGA) Perdew−Burke−Ernzerhof (PBE) exchange-correlation 

functional in the Vienna ab initio simulation package (VASP) simulation code.66  

For DFT simulations of MHPe@MYE, the plane-wave cutoff energy was set to 

be 400 eV for all calculations. A 3 × 3 × 3 k-mesh centered at the gamma point was 

used for investigating the bulk MHPe and Y2O3 (Eu3+). For investigating the surface 

adsorption and interface NEB of MHPe@MYE migration processes, a 3 × 3 × 1 k-mesh 

grid was used. The converge criteria were settled for all calculations as follows: 1) the 

Hellmann-Feynman forces should not exceed 0.1 eV/Å; 2) the total energy difference 

should not be over 1×10-5 eV. Surface energy (𝛾) of halogen adsorption is calculated 

by the following equation:  

𝛾 =  
ா౩ౢ౗ౘିோౘ౫ౢౡିாౄ౗ౢ౥ౝ౛౤

ଶ஺
  

Where the 𝐸ୱ୪ୟୠ is the total energy of the constructed surfacial model and 𝐸ୠ୳୪୩ is the 

total energy of the original structure of MHPe and Y2O3, 𝑁 denotes the number of 

supercell, 𝐴 shows the area of the surfacial model, 𝐸ୌୟ୪୭୥ୣ୬ is the reference energy 

of Br and Cl, which can be derived from Br2 and Cl2, respectively. The CDD diagram 

(𝜌ୢ୧୤୤) of halogen adsorption on the Y2O3 surface was plotted using the below equation:  
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𝜌ୢ୧୤୤ = 𝜌(YଶOଷ − X) − 𝜌(YଶOଷ) − 𝜌(X)  

where 𝜌(YଶOଷ − X), 𝜌(YଶOଷ), and 𝜌(X) represent charge density of the X-absorbed 

Y2O3, pristine Y2O3 surface, and the sole X structure in vacuum, respectively. NEB 

has been employed for investigating the energy barrier during the halogen migration 

path starting from surface absorption, the surface MHPe layers, the subsurface layers, 

and eventually deep into the fixed lattice MHPe layers.  

For simulation in HErO, A similar 3×3×3 Monkhorst-pack k-point mesh was 

employed to sample the Brillouin zone, and the criteria for geometry optimization 

ensure the energy on the atoms was less than 1.0 × 10−5 eV and all the forces on atoms 

were below 0.01 eV·Å-1. The NEB method was used to model the FE and non-FE 

oxygen migration. The Berry phase method was applied to calculate the FE polarization 

based on optimized pristine Pca21 HfO2 structures and the centrosymmetric Pbcn 

structure for the interpolation. During calculation of the electronic structure of HErO, 

since the traditional GGA-PBE functional is inadequate for partially filled f-electron 

systems with strong interactions,67 the GGA+U method was employed on the case of 

HErO, where the applied Hubbard U parameter to Er f orbitals is 6 eV after tests.  

The whole DFT computations in this thesis has been performed with assists from 

the VESTA software,68 vaspkit codes,69 and VTST scripts.70,71 

 

2.2.11 Software-based offline ANN training  

Python code employing TensorFlow/Keras package performed offline ANN 

training to assess the MHPe@MYE physical reservoir’s performance on MNIST. The 

empirical PL mapping features serve as the direct inputs to the python ANN software 
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for further training and acquiring the recognition accuracies of the different device 

configurations. The ANN was trained in the PyCharm IDE platform using Adam 

optimizer using the sparse categorical cross-entropy for the loss function (𝐿), which can 

be given by:  

𝐿 = − ∑ 𝑦௜
ே
௜ୀଵ log(𝑦పෝ)        

where 𝑁  is the number of classes, 𝑦௜  is the true label, and 𝑦పෝ   is the predicted 

probability for class 𝑖. The optimizer updates the weights (𝑤) at each step (𝑡) according 

to: 

𝑤௧ାଵ = 𝑤௧ −
ఎ

ඥ௩೟ෞାఢ
𝑚௧ෞ         

where the 𝑚௧ෞ  and 𝑣௧ෝ  terms indicate both the bias-corrected first and second moment 

estimates of the gradients. In the meantime, the initial learning rate is given by 𝜂.  

 

.
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Chapter 3 PL-based Neuromorphic Behaviors in 

MHPe@MYE Smart Nanocomposites 

3.1 Introduction 

The explosive growth of the Internet of Things has generated unprecedented 

volumes of data across diverse media, driving an urgent demand for information 

processing technologies beyond conventional electrical approaches.72-75 Such demands 

are driving the rapid development of multi-functional materials and devices, especially 

the ones using bioinspired algorithms for the enhanced efficiencies and adaptabilities.76 

As the most ubiquitous form of information, optical signal processing offers unique 

advantages over traditional electrical systems, including the ultrafast operation speeds, 

parallel processing capabilities, and minimal signal crosstalk.77-79 Consequently, the 

emergent multimodal platform majorly exploits the coupling between electrical and 

optical inputs and outputs, leading to four major categories: both electrical input/output, 

optical-input electrical-output, electrical-input optical-output, and both optical-

input/output. Among all the emergent modes, the optoelectronic ones that transform 

input light signals into electrical signals by the photoelectrical or photovoltaic effects 

have accomplished significant practical implementations.80-84 Recently, the electric-

field-modulated optical and PL response have also exhibited promising potential in 

constructing electro-optical logic applications.57-59,85,86 However, all-optical devices 

relying exclusively on light stimulus with PL output remain significantly underexplored. 
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Multi-modal phosphors have emerged as essential components for applications 

spanning information security, detection, and optical data storage technologies.87-95 

Conventional approaches in these fields have primarily exploited static PL diversity or 

the capacity for reversible PL emission changes when subjected to external triggers, 

establishing the foundation of “smart phosphor”.11 However, to cope with the 

exploding information in multiple dimensions, these materials should go beyond the 

boundaries of simple stimuli-responsive functions, aiming at more complex capability 

in active optical information processing. This evolution aims to extend the functions of 

“smart phosphor” to comprehensive luminescence-based computing, including 

transmission, modulation, processing, switching, and amplification of information.  

Based on these insights, this thesis develops a smart nanocomposite phosphor 

system consisting of mixed-halide perovskite embedded in macroporous Y2O3:Eu 

(MHPe@MYE). The nanocomposite exhibits distinctive neural-like characteristics 

during the light-induced PL modulation processes. DFT simulation indicates that 

dynamic halogen ion migration at the MHPe@MYE’s interfaces serves as the primary 

mechanism that driving the adaptive PL emission responses upon exposure to optical 

excitation. This platform successfully realizes complete PL-based “Write” and “Read” 

operations through programmed light spike excitations, while spectral characterization 

demonstrates sophisticated neuromorphic properties that intriguingly replicate the 

functional characteristics observed in biological synaptic networks. Leveraging these 

features, an all-optical neuromorphic computing platform was constructed using 

MHPe@MYE as physical reservoir, successfully achieving 4-bit binary sequence 

discrimination thoroughly utilizing optical stimuli and PL readout. The system further 

demonstrated promising potential in biometric security applications, achieving 94.4% 
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accuracy in detecting manipulated fingerprints from UV images. This research presents 

an innovative nanocomposite of “smart phosphors” materials featuring engineered 

neural-like characteristics, potentially establishing pathways for comprehensive optical 

neuromorphic systems that incorporate PL functions for neuromorphic computational 

applications. 

3.2 Construction of MHPe@MYE  

The preparation of MHPe@MYE porous nanocomposites involves the synthesis 

of poly-methyl methacrylate (PMMA) mesosphere templates (~80 nm in diameter), 

hard-templated sol-gel synthesis of MYE host, and incorporation of MHPe into MYE 

by thermal evaporation of the precursor. The procedure was modified based on previous 

reports as illustrated in the flowchart in Figure 3.1.96 First, 5 mL of MMA monomer 

was mixed with 50 mL of deionized water in a three-neck flask, followed by the 

addition of 0.05 g K2S2O8. The mixture was maintained at 65 °C for 1 hour with stirring 

at 350 rpm under inert atmosphere for colloidal polymerization. After cooling to room 

temperature, the product was washed with deionized water twice and centrifuged at 

4000 rpm to discard the precipitates containing large particles, followed by a second 

centrifugation at 16000 rpm to collect the desired PMMA mesosphere. The MYE 

material was prepared via a sol-gel process wherein a solution was formed by dissolving 

5 mmol each of Y(NO₃)₃ and Eu(NO₃)₃ in 25 mL of deionized water, followed by the 

addition of 10 mmol of citric acid. The solution was heated at 80 oC to obtain a uniform 

sol. Next, a layered assembly of PMMA mesosphere template was first prepared by 

filtering through the vacuum pump. The MYE sol was then added to fill into the 

intervals of the above template. The obtained samples were then dried at 60 °C and 
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calcined at 400 °C at the inert atmospheres, where the PMMA hard templates can be 

discarded and make MYE in the negative replica of assembled PMMA. The final MYE 

host phase was formed by a concluding calcination step at 1000 °C. Incorporation of 

MHPe has been achieved through thermal evaporation within the DMSO precursor 

containing 0.33 mmol PbCl2, 0.67 mmol PbCl2, and 1 mmol CsCl dissolved in 1 mL 

DMSO. 0.1 g MYE host was weighed and immersed into the as-prepared DMSO 

precursor for 1 h, followed by washing twice with DMSO to remove remnant precursors 

on outside surfaces of MYE. The final MHPe@MYE smart nanocomposites were 

obtained by heating the DMSO-contained MYE under 150 °C for 15 min.  

The as-constructed MHPe@MYE composites demonstrate intriguing PL 

variations under light illumination. As demonstrated in the inset photo of Figure 3.1, 

upon UV light excitation, it first shows moderate red PL emission from Eu3+. As 

irradiation continues, intense green light emission gradually emerges and becomes 

dominant. After switching off the UV light, PL signal ceases immediately with no 

afterglow decay. In the meantime, the PL properties of MHPe@MYE gradually recover 

with no obvious changes under natural light. Within approximately 3 min later, the PL 

properties can be fully recovered, which can be prompted to PL variations again. 
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Figure 3.1 Flowchart for the hard-template sol-gel and solvent evaporation synthesis 

of MHPe@MYE “smart phosphor” with light-induced PL variations.97 

The morphological characteristics of MHPe@MYE porous nanocomposites were 

systematically examined through various electron microscopy techniques. First, the 

PMMA hard template exhibits uniformly spherical shapes of approximately 150 nm in 

diameter (Figure 3.2a). Following removal and calcination of PMMA with regular and 

monodisperse distribution, the porous structure of MHPe@MYE is also well-defined 

and evenly distributed with ~80 nm, as shown in Figure 3.2b. The relatively shrunk 

porous size compared to the original template is a common phenomenon. The 

construction of nanoscale porous structure in MHPe@MYE can also be evidenced in 

TEM images in Figure 3.2c and d. Further elemental distribution analysis via STEM-

EDS mapping demonstrates the presence of MHPe NPs inside the channel of MYE 

porous matrix, as indicated by the aggregated Cl (green) and Pb (yellow) signals in 

Figure 3.2e within the marked regions (red dot cycles) in original STEM images 

(Figure 3.2f), where no Y signal has been detected. In the meantime, the Y element 

(purple) was found predominantly distributed across the MYE host porous matrix. The 

above microscopic investigation evidences the successful preparation of uniform 

porous MYE host, and the presence of MHPe NPs embedded in the channel. 
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Figure 3.2 (a) SEM image of the prepared PMMA mesosphere. (b) SEM image of the 

porous MHPe@MYE. (c) TEM image of MHPe@MYE. (d) Enlarged TEM image 

showing the porous structure of PMMA. (e) TEM EDX mapping, the green, yellow and 

red color represents Cl, Pb, and Y elements, respectively, and (f) the original STEM 

images with the presence of MHPe NPs cycled in red. The green, orange, and white 

scale bar indicates 200 nm, 80 nm, and 1 μm, respectively.97  

 

The phase composition of the porous nanocomposites was then investigated by 

confined XRD refinements (Figure 3.3). The 2θ diffraction peaks can be well indexed 

into the mixture of orthorhombic CsPbCl3 (PDF #18-0036) and cubic Y2O3 (PDF # 43-

1036) without noticeable presence of impurity phases. The phase ratio of CsPbCl3: 

Y2O3 is estimated as 5%: 95%, indicating a majority of MYE hosts in the MHPe@MYE 

smart nanocomposites.  
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Figure 3.3 XRD refinements showing the phase ratio of MHPe and MYE. 

3.3 PL kinetics characterizations 

Detailed investigation on the dynamic light-induced PL variation process of 

MHPe@MYE was then carried out.98 The time-resolved PL mapping of MHPe@MYE 

under continuous 360 nm excitation is given in Figure 3.4. It consists of two part of PL 

signals: one is the red PL peaks at ~613 nm from Eu3+ in MYE host (marked by red dot 

lines), which is constant throughout the measurements; another is the PL signals at ~ 

500 nm from MHPe (cycled by blue dot lines), which gradually enhances and slightly 

red-shifted over time, as well as several steady Eu3+ peak at around 613 nm.  

 

Figure 3.4 Time-resolved PL mapping of MHPe@MYE under 365 nm irradiation.  
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After switching off the excitation source, a spontaneous dark recovery process 

takes place. Notably, it is confirmed that the PL property variations during recovery can 

be effectively “Read” by using weak UV excitation conditions, which does not interfere 

the PL variation processes. As shown in Figure 3.5a, no PL variation can be observed 

under weak UV light excitation, where the MHPe PL signal only exhibits inert “On” 

and “Off” states that are solely dependent on the excitation power. These mild 

conditions also revealed the initial PL characteristics of MHPe@MYE, featuring a 

weak peak at 470 nm originating from defect-rich and Cl-rich MHPe (Figure 3.5b).  

 

Figure 3.5 PL properties of MHPe@MYE under “Read” excitation. (a) The PL kinetics 

monitoring 510 nm MHPe PL emission variations under 365 nm “Read” excitation. (b) 

PL emission spectrum measured under 365 nm “Read” excitation. 

 

Using strong and weak UV excitation as the “Write” and “Read” operation, 

respectively, an intriguing temporal optical memory can be constructed based on the 

PL variation process of MHPe@MYE. As demonstrated in Figure 3.6, it shows an 

enhanced PL intensity upon “Write” process and the effective monitoring of the PL 

states during recovery process through “Read” signals. The multiple alternating rounds 

of “Write” and “Read” further reveal the intriguing temporal dynamics. After the initial 
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“Write” phase, switching to “Read” mode showed partial recovery of PL properties, 

with subsequent cycles demonstrating progressively slower recovery rates. Similar 

behavior was observed when slightly elevating the upper cutoff (red dot lines), clearly 

indicating the incipient synaptic-like characteristics in MHPe@MYE’s PL property 

variations. Additionally, during alternating “Write” and “Read” operations, the 

transition points, specifically represented by the “Read” recovery endpoints and their 

immediately following “Write” initiation points, maintain high degree of uniformity as 

denoted by the green lines. Such a consistency can prove the equivalent PL states of 

these critical turning points in spite of the altered absolute PL intensity of “Write” and 

“Read” conditions. 

 

Figure 3.6 Dynamics PL variation under “Write” and “Read” excitation. 

 

3.4 Theoretical insights on dynamic PL variations 

The observed PL variation phenomenon in MHPe@MYE smart nanocomposites 

can be attributed to light-induced halogen migration, which converts defective Cl-rich 

regions into Br-rich MHPe. Notably, the construction of interfaces within the 

MHPe@MYE is crucial for realizing neuromorphic PL behaviors of MHPe. Although 
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it is common for hybrid organic inorganic and mixed I/Br perovskite to exhibit halogen 

migration using intense light stimuli, all-inorganic Cl/Br perovskites shows better 

structural robustness and hence is rarely reported to show such halogen migration 

behaviors.99,100 Bare MHPe of same mixed-halide composition CsPb(Br/Cl)3 (CPBC) 

in alternative forms were prepared as comparison studies of the light-induced variations. 

In specific, Bare MHPe NPs were prepared by conventional hot-injection methods.101 

1 mmol PbBr2 and PbCl2 were dissolved in a 50 mL 3-neck flask containing 20 mL 

octadecene as solvent, 1.5 mL oleylamine and 1.5 mL oleic acid as capping ligands, as 

well as 1 mL n-trioctylphosphine to help dissolve PbCl2. The solution was degassed for 

half an hour at 120 oC under vacuum before heating to 150 °C under vigorous stirring 

and N2 flow. Afterwards, 0.5 mL preheated cesium oleate precursor was swiftly injected 

into the mixture, followed by immediate cooling with an ice bath. The precipitates were 

collected and washed with ethyl acetate and hexane (volume ratio of 1:3) twice to 

discard the supernatants and finally dispersed in toluene to form a clear colloidal 

solution of free-standing MHPe NPs. TEM images of the obtained MHPe NPs evidence 

uniform and monodisperse morphology of ~10 nm in dimensions (Figure 3.7a). The 

inset photo also demonstrates the strong cyan emission of MHPe NPs colloidal solution 

under 365 illuminations peak at ~485 nm (Figure 3.7b). However, no PL variation can 

be observed, as the time-resolved PL mapping in Figure 3.7c features a constant PL 

property under continuous excitations. Similar results were obtained in bare MHPe 

films prepared by conventional spin-coating methods. In specific, 0.67 mmol PbBr2, 

0.33 mmol PbCl2, and 1mmol CsCl were dissolved into 5 mL mixture solutions of DMF 

and DMSO (1:2). Prior to film deposition, SiO2/Si substrates were subjected to standard 

cleaning procedure with acetone, isopropanol, deionized water, and N2 purging, 

followed by O2 plasma treatment for 15 min. The MHPe precursor solution was spin-
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coated onto the pretreated SiO2/Si substrates at 400 rpm for 10 s and 3500 rpm for 40 s 

for the spread and thinning phase, respectively. The substrates were then thermally 

annealed at 110 °C for 10 min in air to crystallize the MHPe polycrystalline films. SEM 

image in Figure 3.7d depicts the rough surfaces of bare MHPe films with 

polycrystalline features, which also exhibit cyan emission under UV excitation (inset 

photo). The PL emission spectrum (Figure 3.7e) is similar to bare MHPe NPs, while 

the time-resolved PL mapping features a decreasing intensity at fixed ~480 nm peak 

(Figure 3.7f).These results demonstrate that, without incorporation into porous MYE 

host matrices, bare MHPe in both NPs and thin-film forms demonstrate only inert PL 

properties upon UV excitation.  

 

Figure 3.7 (a) TEM images of MHPe NPs prepared by hot-injection method, inset 

photo shows bare MHPe NPs colloidal solution under 365 nm UV flashlight. Red scale 

bar indicates 100 nm. (b) The PL spectra of MHPe NPs. (c) The time-dependent PL 

emission mapping of the MHPe NC upon excitation of 365 nm. (d) The SEM images 

of spin-coated bare MHPe film, inset photo shows the MHPe film under 365 nm UV 
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flashlight. The green-colored bar represents 50 μm. (e) The PL spectra of MHPe film. 

(f) The time-resolved PL mapping of MHPe film under 365 nm excitation. 

 

The above results demonstrate that, without incorporation into porous MYE host 

matrices, bare MHPe in both NPs and thin-film forms demonstrate only inert PL 

properties upon UV excitation. On the other hand, the halogen migration process in 

metal-halide perovskites is known to be highly susceptible to surface effects;102 

Whereas porous materials have demonstrated vast potential in providing interface 

interactions in luminescent materials.96,103,104 In this context, the presence of the MYE 

porous interface plays a crucial role in facilitating halogen migration within all-

inorganic Cl/Br systems, which is difficult to achieved otherwisely. This observation 

motivated a deeper exploration of the underlying mechanism. 

Therefore, DFT calculations were then performed in order to elucidate the 

influence of the MHPe@MYE interface on halogen migration dynamics. The initial 

focus was placed on examining halogen vacancy defects within MHPe. As shown in 

Figure 3.8, introducing halogen vacancies does not significantly alter the electronic 

band structures of CsPbBr3 (CPB), CPBC, or CsPb(Br/Cl)3 with halogen vacancies (v-

CPBC), which highlights the inherent defect tolerance of lead halide perovskites. 

Additionally, Y2O3, with its wide bandgap of 4.2 eV, remains optically inactive in the 

PL process and primarily serves as a host matrix for Eu3+ doping (see Figure 3.9). 
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Figure 3.8 Projected electronic band structure of CPB, CPBC and v-CPBC. 

 

 

Figure 3.9 Projected electronic band structure of Y2O3 and Y2O3:Eu3+. 

The low formation energy of halogen vacancies accounts for their common 

presence in halide perovskites. In addition, the strong adsorption of Br and Cl species 

onto the Y2O3 surfaces further induces a defect-rich MHPe in the channel of MYE, as 

evidenced in previous work. On the other hand, Y2O3 may have selectively stronger 

adsorption to Cl rather than Br. The surface energy of Br/Cl adsorbed on different 

symmetric sites of Y2O3 surfaces was then compared (as marked in Figure 3.10a), 
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which shows that values of Br-adsorbed ones are always larger than the corresponding 

Cl counterparts (Figure 3.10b).  

 

Figure 3.10 (a) The Y2O3 surfacial sites of Br/Cl adsorption. (b) Surface energies of 

Br/Cl adsorbed surfaces. 

The charge density difference (CDD) diagrams of halogen-adsorbed Y2O3 are also 

calculated. As shown in Figure 3.11, the electron interaction between Y and Cl is 

stronger than Y and Br, demonstrating a selectively stronger affinition. These can be 

understood by the difference in electronegativity (χ) and ionic radius (R) between Br (χ 

= 2.8, R = 1.96) and Cl (χ = 3.0, R = 1.81), where a larger χ and smaller R may form a 

stronger bound with Y on the Y2O3 surface.  
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Figure 3.11 3D CDD and charge density diagram of (a) Br and (b) Cl adsorption. The 

red and blue color mapping area indicates the accumulation and depletion of electrons, 

respectively. 

Combining the surface energy and CDD investigation, the DFT findings 

collectively indicate a selective halogen-binding mechanism at the MHPe@MYE 

interface. In specific, a stronger Y-Cl interaction immobilizes Cl-, while the less stably 

adsorption of Br- makes them more readily released upon external stimuli. This 

differential adsorption alters the local halogen balance and kinetically favoring Br- 

incorporation into the perovskite lattice. It leads to increased Br composition, which 

further reduces the bandgap of MHPe. This mechanistic insight can be directly 

explained by the observed PL red-shift and enhanced green emission in our experiments. 

To further elucidate the kinetic implications of this interfacial halogen migration, 

the halogen migration process was subsequently investigated, specifically tracking the 

movement of Br/Cl ions from their adsorption sites on the MYE surface to the surface 

of MHPe crystal, and ultimately into the bulk of the MHPe lattice. This was achieved 

using the NEB method. The constructed model, as shown in Figure 3.12a, which 

represents a heterostructure of Y2O3 and CPBC. The migration of Br ions into a CPBC 

lattice with mixed halide content was first examined, where the energy barriers 
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encountered at each migration step have been calculated. To move from the Y2O3 

surface to the MHPe surface, Br ions must overcome a relatively low energy barrier of 

1.0 eV (Figure 3.12b). This step corresponds to the initial phase observed in PL 

experiments, where Br ions are released from Y2O3 and migrate to the defect-rich 

surface of MHPe under light excitation. Since the presence and subsequent passivation 

of surface defects are critical for the quantum efficiency of halide perovskites, this 

migration step is expected to enhance luminescence intensity.105,106 However, as Br ions 

penetrate deeper into the CPBC lattice, the energy barriers increase significantly, 

reaching 3.9 eV for the subsurface and 7.0 eV for the inner layers. As Br migration 

continues, the halide composition within MHPe changes, which can further influence 

the migration barriers. To capture this effect, the Br migration from the Y2O3 surface 

into a pure CPB lattice was also examined, which aligns with the later stages of PL 

evolution characterized by strong green emission from CPB. In this scenario, the 

interfacial migration barrier for Br drops to 0.71 eV, and the subsequent barriers are 

reduced to 2.7 eV and 4.5 eV, respectively. This indicates that as the Br content in 

MHPe increases, Br migration becomes progressively easier, accounting for the 

observed acceleration in PL property changes. In contrast, Cl migration is associated 

with higher energy barriers, which is consistent with the predominance of green 

emission from CPB during the PL evolution. In the meantime, bulk CPB shows a higher 

Br migration barrier (2.3 eV) (Figure 3.13), highlighting the critical role of 

MHPe@MYE interfaces in enabling adaptive PL changes with neuromorphic behaviors. 

The backward recovery can be easily achieved by overcoming a relatively small barrier 

of 0.71 ~ 1 eV. However, the driving force to achieve the dark-recovery could arise 

from the halogen desorption-adsorption equilibrium at the MHPe@MYE interface, as 
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well as the diffusion-driven re-homogenization of halogen ions around the 

interfaces.99,100,107 Detailed reason should be further explored. 

 

Figure 3.12 NEB migration path and energy barriers. 

 

 

Figure 3.13 Br migration path and the corresponding energy landscape in bulk CPB. 

 

Building upon the theoretical findings, the microstructural mechanisms behind the 

PL dynamics can then be constructed, which intriguingly replicate the behaviors of 

biological neurons (Figure 3.14a). Notably, the interface within MHPe@MYE (Figure 
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3.14b) is evidenced both experimentally and theoretically important behind the 

phenomena, giving rise to the memristor-like PL variation as shown in Figure 3.14c.  

In specific, Figure 3.14d presents the illustrative process flowchart of high-energy 

“Write”, dark recovery, and low-energy “Read” operations, with focus on the 

microscopic materials configuration evolutions, which corresponds to the NO. 1-5 

frames as marked in Figure 3.14c. Frame 1 shows the initial state, featuring an 

interfacial area of defective MHPe and Br/Cl-anchored MYE surface. Upon intense 

“Write” light stimulation, the adsorbed halogen species would migrate to MHPe (Frame 

2), with a progressively evolving energy barrier as evidenced in previous DFT 

simulation section. Consequently, the halogen composition of MHPe is altered under 

light stimulation, leading to changes in its PL properties. When the light stimulus is 

removed, these PL characteristics gradually recover in the dark as halogen species 

gradually migrate back to the MYE surfaces (Frame 3), enabling reversibility of PL 

variations. The “Read” operation utilizes a low-energy probing light that preserves the 

PL state for non-destructive readout (Frame 4), with the system subsequently returning 

to its initial state after resting without intense UV irradiation (Frame 5). After a period 

of rest, the system returns to its original state, supporting the repeatable “Write” and 

“Read” cycles essential for PL-based neuromorphic functionality in MHPe@MYE. 

Additionally, the stable Eu3+ luminescence from the MYE host provides a reliable 

baseline for calibrating optical responses. 
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Figure 3.14 (a) Schematic of a biological synapse. (b) Schematic illustration of the 

MHPe@MYE smart nanocomposites with macroporous morphology. (c) Light-

triggered PL variation in the MHPe@MYE composites by applying both the optical 

“Write” and “Read” operation, the tagged figures NO.1-5 representing the specific 

frames during the light-induced PL variations. (d) Illustrative schemes of microscopic 

variations at Frame No.1-5 in (c). 

 

3.5 PL-based Neuromorphic behaviors 

Building upon the theoretically adaptive halogen migration behaviors of 

MHPe@MYE, Further conducted comprehensive analyses of the PL excitation-

emission relationships were conducted to investigate the neuromorphic behaviors of 

MHPe using programmed excitation light pulses.98 Figure 3.15 shows the proof-of-

concept result of the synaptic PL behaviors of MHPe@MYE monitoring the 510 nm 

and 613 nm for MHPe and MYE emission, respectively. The excitation source utilizes 
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a commercial LED of 365 nm UV output controlled by the arbitrary waveform 

generator (AWG) with 2 Hz frequency and duty ratio of 50%. The initial stage required 

85 high-energy “Write” excitation pulses (~161.15 μW/cm2) to reach a pre-defined 

upper threshold as marked by blue dot line, followed by a dark recovery process 

monitored using low-energy probing pulses (~7.96 μW/cm2). It then got to lower 

threshold, as marked in lavender line, after 72 “Read” spikes. Notably, subsequent 

cycles demonstrated an adaptive response, fort the 2nd round required only 36 “Write” 

pulses to reach the upper threshold but needed more time (equivalent to 90 “Read” 

pulses) to return to lower threshold. It indicates that the MHPe@MYE “smart phosphor” 

can memorize the lately excitation, results in faster PL variation and slower recovery. 

Such a memory effect was even more strengthened in the 3rd round, with 32 and 112 

pulses for the “Write” and “Read” process, respectively. This progressive modification 

persisted though slightly faded after a brief recovery interval (1 min) as demonstrated 

in the 51 “Write” and 89 “Read” pulses for the 4th round potentiation. This intriguing 

PL variation behavior of MHPe@MYE resembles the adaptive memory effect known 

as experience-dependent plasticity observed in biological synapses. It refers to how a 

system’s response to stimulation is modified by its prior excitation history, influencing 

both acquisition and recovery rates. In sharp contrast, Eu3+ PL emission from the MYE 

host only shows the single “on” and “off” states singly influenced by the energy density 

of excitation spikes, (~161.15 μW/cm2 or ~7.96 μW/cm2) showing on sign of 

neuromorphic characteristics. Furthermore, in MHPe@MYE smart nanocomposites, 

the coexistence of two types of synaptic (MHPe) and inert (Eu3+ in MYE) PL can be 

utilized for calibration inside the systems. In addition, similar consistency can be 

observed during the switching between “Write” and “Read” operation. To further 

characterize these neuromorphic properties, Further conducted detailed investigations 
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were performed into the PL variation process in search of specific biological 

phenomena and metrics, including stimuli-dependent synaptic plasticity, LTM, PPF, 

STP, and LTP effects. 

 

Figure 3.15 History-dependent PL dynamics of MHPe and inert Eu3+ PL dynamics co-

existing in MHPe@MYE. 

 

Biological neurons exhibit synaptic plasticity, which allows synapses to adapt 

their synaptic weight (SW) to varying stimuli. Such ability is crucial for the neurons in 

processing information and forming memory. PL-based SW of smart nanocomposites 

can be quantified by comparing the emission output intensities before and after 

receiving light spikes. SW’s variation tendency under different stimuli further reveals 

stimulus-dependent synaptic behaviors of MHPe@MYE. In this research, the stimulus-

dependent synaptic behaviors are investigated by changing the parameters of excitation 

light spikes, including emission wavelength (λem), excitation wavelength (λex), 

excitation intensity (Iex) and frequency (f). Taking the λem series as a reference (Figure 

3.16), when monitoring shorter wavelengths (470-490 nm), the PL intensity exhibits 

faster growth at early spikes and tend to saturate earlier. For longer wavelength such as 
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510 and 520 nm, the variation at early stage becomes less significant. This is due to the 

slight redshift from 470 nm to 510 nm during early PL variations. The above tendency 

addresses the distinct synaptic behaviors under different λem. Notably, following 45-

second gaps, fewer numbers of spike can suffice for MHPe@MYE to reclaim the same 

PL intensity, which is linked to its history-dependent adaptation ability. 

 

Figure 3.16 λem-dependent synaptic PL dynamics behaviors. 

Similarly diverse synaptic evolution trends can be observed in the Iex series. As 

demonstrated in Figure 3.17, the PL intensity values and variation speeds decrease 

monotonically as Iex decreases, whereas the accelerated recovery behavior after 45 s 

interval can also be observed. When Iex is further reduced to ~33.12 μW/cm2, 

approaching the energy density of “Read” pulses (~7.96 μW/cm2), MHPe@MYE’s PL 

variations can no longer be observed.  
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Figure 3.17 λex-dependent synaptic PL dynamics behaviors. 

 

As summarized in Figure 3.18 similar progressive adaptations and preservation 

after short resting periods can be observed when varying other spike parameters (i.e., f, 

λex). In short summary, it demonstrates a positive correlation between larger SW values 

with shorter λex and higher f. Across four measurements, the stimuli-dependent synaptic 

behaviors exhibited reliable performance with acceptable standard deviation 

(abbreviated as s.d., as marked in Figure 3.18). The rich and adjustable synaptic 

behaviors of MHPe@MYE smart nanocomposites through multiple excitation 

parameters can enhance the information bandwidth while providing flexibility in the 

neuromorphic functions. This could potentially lead to the design of task-adaptive 

physical reservoirs.108 Moreover, this ability to sustain neuromorphic characteristics 

after notable x is similar to the LTM phenomena. 
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Figure 3.18 Summary of stimuli-dependent synaptic PL dynamics behaviors across 

various spike parameters. 

 

In biological neurons, the LTM behavior represents a persistent modification of 

synaptic strength over relatively long periods. This phenomenon is often linked to the 

activation of receptors and subsequent Ca2+ influx, contributing to stable and 

experience-dependent memory. Here, the LTM effect of MHPe@MYE has also been 

carefully examined. A consistent “Write” pulse was programmed (1 Hz, duty 0.5 s, 365 

nm, ~161.15 μW/cm2) to trigger the PL variation of MHPe@MYE. The PL kinetics of 

Figure 3.19a demonstrate how the LTM factors were quantified. Nt depict the pulse 

number used for first-round excitation to the final intensity (It). After resting x, the PL 

intensity partially restored (Ix), and Nx shows the pulse number required to reclaim It. 

In addition, Nn represents the pulse number from Ix to It at the first round of excitations. 

After a dark recovery period (e.g., 30 s), the system was subjected to “Write” pulses 

again from the second initial intensity (I30). N30 represents the number of “Write” pulses 

needed to reach the threshold again after 30 seconds of rest, while Nn indicates the 

number of pulses required from I30 to It during the first round. Other Nx and Ix values (x 
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= 15, 30, 45, 60, 90, 120) were similarly determined despite the different resting time 

used at the interval of two rounds. Figure 3.19b summarizes the LTM parameters 

measured at various x, with corresponding raw PL kinetic diagrams displayed in Figure 

3.19c. It demonstrates that a shorter resting time leads to a stronger Ix and fewer “Write” 

pulses (Nx) required to arouse the same It again. In addition, the Nx values are 

consistently smaller than Nn, with the memory gap (Nn - Nx) narrowing with longer 

resting times (larger x). In other words, a more recent potentization of MHPe@MYE 

results in better-preserved memory states and faster recalls, intriguingly replicating the 

LTM effects in biological neurons. Despite minor fluctuations, the five rounds of LTM 

measurements demonstrated stable correlations and margin s.d. error, confirming the 

reproducibility of MHPe@MYE’s LTM behavior in the form of adaptive PL variation. 

 

Figure 3.19 x-dependent LTM features of MHPe@MYE. (a) Definition of Nt, Nn, Nx, It, 

and Ix marked in the PL dynamics at 30 s resting interval (x = 30 s). (b) LTM behavior 

featuring the long-term x-dependent PL dynamics. (c) PL dynamics comparison with 

varying x. 
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Conversely, PPF determines the short-term plasticity of neuromorphic systems. It 

describes the phenomenon when two identical presynaptic stimuli delivered in 

succession elicits an increasingly strong postsynaptic response. In this work, the PPF 

has been measured at ~668.78 μW/cm2 (365 nm,) and λem was chosen at 500 nm, since 

their fast adaptation is fastest during the initial phase. The PPF index is defined as the 

ratio of the two consecutive PL intensities. It generally exhibits a negative exponential 

relationship with the pulse interval (Δ𝑡): 

𝑃𝑃𝐹 𝑖𝑛𝑑𝑒𝑥 = 𝐶଴ + 𝐶ଵ 𝑒𝑥𝑝 ቀ−
௱௧

ఛభ
ቁ + 𝐶ଶ𝑒𝑥𝑝 ቀ−

௱௧

ఛమ
ቁ    

where 𝐶଴ is a constant, and 𝐶ଵ and 𝐶ଶ represent the initial facilitation degrees 

of these two phases. In the meantime, 𝜏ଵ and 𝜏ଶ are characteristic relaxation lifetimes 

for the fast-decay and slow-decay channel, respectively. Figure 3.20a and b show the 

PPF measurements at 0.5 s and 3 s intervals, respectively, and the resultant fitting curve 

is shown in Figure 3.20c. The fitted 𝜏ଵ  and 𝜏ଶ  values are 0.205 s and 5.04 s, 

respectively. These values are indicative of the fast and slow relaxation phases: the 

short 𝜏ଵ value suggests a rapid initial facilitation decay, which is crucial for the system 

to respond quickly to successive stimuli; the longer 𝜏ଶ value reflects a more gradual 

change in facilitation, which is essential for maintaining memories of previous stimuli 

over extended periods. The dynamics of such a dual-phase relaxation intriguingly 

replicate biological synaptic function, where both fast and slow components jointly 

underpin the intricate neural signal processing. 
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Figure 3.20 Δt-dependent PPF results measured with (a) 0.5 s interval, and (b) 3 s 

interval. (c) Measured PPF indices against interval times and the fitted decay curves. 

Error bars indicate the s.d. results from four points. 

 

STP and LTP are fundamental mechanisms in biological systems that underlie the 

processes of learning and memory formation in the biological systems. STP acts as a 

transient filter for working memory, while LTP stabilizes salient data through lasting 

synaptic gain.109 MHPe@MYE can replicate both phases in PL manners, with distinct 

decays readout after stimuli as monitored under “Read” excitations. As shown in 

Figure 3.21a, the MHPe@MYE’s PL states are divided into STP after several “Write” 

spikes (green trace) and LTP upon receiving more excitation spikes (red trace). Eight 

separate measurements are superposed to confirm consistent trends for both STP and 

LTP with marginal deviations. Decay time constants can be acquired from the decay 

curves (Figure 3.21b) from STP and LTP, respectively, by fitting in the double 

exponential decay function: 

𝑦 = 𝑦଴ + 𝐴ଵ 𝑒𝑥𝑝 ቀ−
௱௧

ఛభ
ቁ + 𝐴ଶ𝑒𝑥𝑝 ቀ−

௱௧

ఛమ
ቁ    
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The fitted decay lifetimes of LTP (𝜏ଵ = 6.5 s, 𝜏ଶ = 41 s) is apparently larger than 

those of STP (𝜏ଵ = 1.3 s, 𝜏ଶ = 29 s), while both showing tolerable s.d. errors (inset 

figure in Figure. 21b). By sustaining the potentiation beyond the STP timescales 

towards LTP, MHPe@MYE effectively replicates enduring synaptic changes. This 

alignment with core principles of biological synaptic plasticity and confirms its 

emulation of biomimetic function. 

 

Figure 3.21 (a) PL kinetics during the formation of STP and LTP, the inset figure gives 

the beginning of PL evolution for STP (green) and LTP (red), demonstrating notable 

reproducibility(f) PL dynamics during the decay of STP and LTP, and the corresponding 

fitting curves. Inset displays the fitted decay time constants. 

 

Four additional batches of MHPe@MYE synthesized using identical procedures 

confirm the reproducible nanocomposite structure and neuromorphic PL profiles across 

all MHPe@MYE samples. A high batch-to-batch uniformity is observed in both the PL 

properties and structural features of the newly prepared MHPe@MYE samples. As 

shown in Figure 3.22a, the XRD profiles and phase ratios are almost identical to the 

previous XRD results. SEM images of the new sample also demonstrate the similar 



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3 

72 

 

morphology of the porous structure compared to previous data (Figure 3.22b). More 

importantly, the PL properties of the new batch of MHPe@MYE closely match those 

of the previous samples in several key aspects: 

1. PL dynamics with progressively enhanced MHPe emission and stable Eu 

emission—the ability of dark-recoverable PL variations (Figure 3.22c); 

2. Inert PL dynamics of MHPe at weak excitation—important for the “Read” 

operation (Figure 3.22d, e); 

3. History-dependent PL variation at “Write” and “Read” operations—indicative of 

PL-based neuromorphic behaviors (Figure 3.22f).  

These findings confirm that the properties and performance of the materials are highly 

consistent, suggesting that MHPe@MYE smart nanocomposites generally exhibit good 

reproducibility in materials syntheses. In fact, inorganic phosphor materials are known 

for their stable PL properties when synthesized using optimized procedures, which 

further leads to predictably stable performance. 

 

Figure 3.22 (a) XRD refinement results of new batch of MHPe@MYE, with the phase 

ratio tagged. (b) SEM images of new batch of MHPe@MYE. White scale bar indicates 
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1 μm. (c) time-resolved PL mapping of new MHPe@MYE measured under 360 nm 

laser excitation. (d) the PL emission spectrum measured at “Read” excitation (λex = 365 

nm, Iex = 33.121 μW·cm-2). (e) PL kinetic under “Read” excitation (λex = 365 nm, λem 

= 510 nm, Iex = 33.121 μW·cm-2). (f) The PL dynamics acquired under “Write” and 

“Read” excitations, demonstrating similar history-dependent PL variation behaviors.  

 

3.6 Summary 

In this chapter, the MHPe@MYE “smart phosphor” is developed and 

systematically characterized.98 The synthesis procedure combined hard‐templated sol‐

gel techniques with solvent evaporation to yield uniform porous nanocomposites. 

Structural analyses confirmed phase purity and uniform dispersion. Dynamic PL 

studies show an increasing green emission from MHPe and a stable red emission from 

the MYE host. DFT calculations highlight the stronger Cl adsorption on Y2O3 surfaces 

and a progressively evolving Br migration barriers at the interfaces. Such an interface-

mediated process enabled reversible compositional modulation of MHPe under light 

stimuli, resulting in light-induced PL properties variations. Under programmed 

excitation light spikes, the PL variations of MHPe@MYE exhibit intriguing synaptic-

like behaviors, including PPF, LTM, STP, and LTP with notable reproducibility. A 

weak-energy “Read” mechanism is also established for non-destructive probing of the 

temporal PL states of MHPe@MYE. These results establish the MHPe@MYE smart 

nanocomposites as a potential neuromorphic platform. It is anticipated that 

MHPe@MYE can empower full-PL-based neuromorphic computing with optical-

stimuli and PL-readouts. 
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Chapter 4 Full PL-based Physical Reservoir 

Computing based on MHPe@MYE Smart 

Nanocomposites  

4.1 Introduction 

Leveraging the intrinsic physical properties of materials to design neuromorphic 

computing systems has emerged as a promising strategy for reducing device complexity 

and enabling novel computational functionalities. Physical reservoir computing 

exemplifies this approach by utilizing the natural nonlinear dynamics and high-

dimensional state space inherent to physical substrates to process temporal information. 

Thereby it can eliminate the need for elaborate device architectures or precise control 

over internal parameters. This paradigm not only simplifies hardware implementation 

but also opens the door to exploiting unique material phenomena for signal processing 

and pattern recognition tasks. 

From the algorithmic point of view, reservoir computing is a brain inspired 

computational paradigm that reconfigures the nonlinear transient dynamics of a high 

dimensional dynamical system to map temporal inputs onto desired outputs through a 

trainable linear readout layer rather than by altering the internal parameters of the 

reservoir itself.110 This structure fundamentally differs from feedforward neural 

networks (FNN). As compared in Figure 4.1a, FNN implements directed acyclic 

graphs and lack recurrent connections necessary for temporal dynamics and fading 
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memory; while in Figure 4.1b, the reservoir acts as a fixed spatiotemporal kernel that 

expands low dimensional signals into a rich feature space where linear separation 

becomes feasible while simultaneously providing fading memory that encodes 

historical context. By decoupling the complex recurrent dynamics from the learning 

process reservoir computing circumvents the vanishing and exploding gradient issues 

that plague conventional recurrent neural networks and enable efficient hardware 

implementation even when precise device engineering or detailed physical models are 

unavailable. In this framework only the final readout weights are optimized typically 

via ridge regression that could dramatically reduce computational cost of training. It 

thus makes the approach compatible with unconventional substrates, whose internal 

states cannot be continuously tuned. The essential requirement of physical reservoir is 

that the system can exhibit sufficient nonlinearity, high state dimensionality, and the 

echo state property that ensures reproducible responses to specific input sequences, 

while maintaining the short-term memory at time domains. 

 

Figure 4.1 (a) Illustration of the FNN with acyclic and trainable connections, (b) the 

untrained connections within the network of a reservoir computing.110 

Physical reservoir computing potential has been exploited based on material-

specific implementations across multiple media (Figure 4.2).111 The conventional 

electronic reservoirs have been mostly capitalized on the electrical nonlinearity and 
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memory effects in analog circuits and memristive devices, which has secured a 

promising path to hardware implementations. The optoelectronic reservoirs have also 

been extensively studied by exploiting the dynamics features of photodetectors and 

phototransistors. Recently, the spintronic and mechanical reservoirs also emerged with 

distinct dynamic mechanisms and input/output modes. Notably, the potential of 

phosphor materials as physical reservoir remains unexplored despite their promising 

potentials. PL-based reservoirs could utilize light-matter interactions where input-

driven excitation generates emission spectra as high-dimensional states, enabling direct 

optical readout of reservoir dynamics. Crucially, employing PL emission output offers 

unique advantages, such as the direct visualization of reservoir states as spectral 

features or spatial patterns, which can effectively provide an intuitive diagnostic tool 

for reservoir system without additional transduction mechanisms. Such transparency 

also aligns well with the core principle of leveraging untrained physical dynamics while 

further reducing operational complexity through intrinsic state visualization. 

 

Figure 4.2 Examples of physical reservoir computing based on materials’ chemical and 

physical properties with non-linear characteristics. (a) All-optical physical reservoir 
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computing based on light-responsive organic materials.112 (b) In-sensor reservoir 

computing phototransistors hardware based on GaOx.113 (c) Electrical physical 

reservoir computing based on oxygen ion dynamics of HZO/LSMO thin films.114 (d) 

Mixed-mode physical reservoir computing based on FE α-In2Se3.115 

 

Following the previous experimental characterization of neuromorphic PL 

behaviors in MHPe@MYE smart nanocomposites, this chapter examines their 

implementation as all-optical physical reservoir computing platforms. Experimental 

results demonstrate that the engineered MHPe@MYE is capable of processing 

temporal optical information through programmable “Write” excitation inputs, which 

progressively induce reversible PL state variations. The as-established non-destructive 

“Read” operations enable the extraction of converted PL emission features, serving as 

computational outputs of the reservoir. Such an ability to process temporal information 

is further evidenced by the distinct PL dynamic mapping of 4-bit binary sequences, 

where unique input patterns generate separable high-dimensional PL feature spaces 

within the PL dynamics. The PL-based physical reservoir can facilitate downstream 

recognition tasks when integrated with software-based ANN. The effectiveness of this 

approach has been validated in MNIST handwritten digit recognition and SOCOFing 

UV fingerprint authentication, confirming the feasibility of PL-based reservoir 

computing for image recognition tasks. This strategy maintains fully optical input-

output operation and leverages intrinsic material dynamics to achieve efficient and 

robust computational performance. 
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4.2 Discrimination of 4-bit binary sequences 

The previously discussed neuromorphic properties of MHPe@MYE in PL 

variation process offer an interesting opportunity to construct a full PL-based 

neuromorphic computing systems with both optical input and output.98 Particularly, the 

volatile, progressively adaptive, and nonlinear responsive characteristics match well 

with the fundamental principles of reservoir computing, i.e., the nonlinear 

transformation of input signals, temporal memory effects, and high-dimensional 

projection of data.110,116 Consequently, MHPe@MYE can be adapted for all-optical 

physical reservoir computing. In the designed experiment, “1” represents a duty cycle 

in the “Write” waveform, while “0” corresponds to a blank cycle. For “Read” 

operations, a continuous LED light source is used to effectively track the feature space. 

Optical inputs use 365 nm “Write” pulses (~668.78 μW/cm2), and outputs were the 

resultant PL intensity at 500 nm under low power excitation (~7.96 μW/cm2). The input 

architecture encoded 4-bit binary sequences using 1 Hz periodic pulses with a 0.5s duty 

ratio, as demonstrated by the “1011” waveform shown in Figure 4.3. Appropriate long-

pass filters (395 nm or 460 nm) were used to avoid excitation light interference. A 

synchronized transistor-transistor-logic-controlled electronic shutter (Keshengda 

Optoelectronic) was installed in the front of the PMT photodetector, where any high-

intensity “Write” duty leads to the closure of the electronic shutter. The detection 

system was optimized by adjusting slit width to specifically monitor “Read” signal 

intensities.  
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Figure 4.3 Waveform setups of 4-bit binary sequence 

 

The 16 possible 4-bit binary codes are then transformed into 16 set of PL dynamics 

features of MHPe@MYE. As shown in Figure 4.4, all 16 Iem-t curves (from “0000” to 

“1111”) exhibit distinct PL dynamics features with notable reproducibility as marked 

in 16 different colors. Such results illustrated that MHPe@MYE physical reservoir can 

retain a stable fading PL property for every binary sequence input. In other words, the 

output PL signals reflect both the immediate input and the system’s real-time state, 

demonstrating consistent mapping of nonlinear 4-bit input sequences to corresponding 

output PL dynamics. 

 

Figure 4.4 16 distinct PL dynamic features correspond cv to all 4-bit binary sequences.  
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In device operation, discrete measurements of sampling point (SMP) can 

efficiently reconstruct the input 4-bit signal rather than continuous “Read” operations, 

facilitating a more efficient and streamlined analyses. In that case, several SMPs were 

selected in the specific time position in the measured PL dynamics. Figure 4.5a gives 

the marked time locations of SMP1, SMP2, SMP3, and SMP4, and the corresponding 

PL readouts of 16 binary sequences are listed in Figure 4.5b. However, some overlaps 

can be found among the possible PL readouts. For instance, the SMP1 and SMP2 were 

located before the duty range of the 4th sequence, caused the last digit becomes totally 

undistinguishable. On the other hand, the PL readout intensity table of SMP3 and SMP4 

also demonstrate slight overlaps in, for example, between “1001-0101” and “1011-

0111”. The reason can be assigned to the information of 1st digit become less 

significant when “Reading” at the 4th digit.  

 

Figure 4.5 (a) Configurations of SMP points in the PL dynamic features. (b) The 

extracted readout intensities of SMP1, SMP2, SMP3, and SMP4. 
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The indistinguishable sequences could lead to deviated correlation among PL 

features and original 4-bit sequences. As a consequence, it may induce wrong readouts 

during the data conversion of physical reservoirs. Such wrong readouts may greatly 

impede the downstream tasks, especially for complex and large tasks. In order to 

diminish overlaps in PL features and therefore avoid wrong readouts, a feasible method 

is to apply multiple SMP points. While multiple SMPs decrease the dimension of data 

projection and may increase converted data amount, it facilitates the higher quality of 

the convert data. Figure 4.6 demonstrate the 2D PL intensity features using both SMP1 

and SMP2, showing the clear discrimination of all 16 4-bit binary sequences by dual-

SMP approaches.  

 

Figure 4.6 2D PL feature maps for distinguishing 4-bit binary sequences. 

 

4.3 PL-based handwritten digit classification 

Building upon the demonstrated capability of MHPe@MYE to function as a PL-

based physical reservoir, its intrinsic material properties enable the transformation of 

time-resolved sequential optical pulse inputs into PL intensity readouts at designated 

SMPs. This mechanism establishes a versatile platform for processing all forms of 
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binary encoded temporal signals, where information can be mapped through a full PL 

manner. In order to further examine feasibility of MHPe@MYE to be used in all-optical 

physical reservoir, the MNIST dataset is first employed to test the handwritten digit 

classification capability.117 To cope with the MHPe@MYE physical reservoir’s PL-

based “Write” and “Read” processes, the MNIST images are preprocessed into stripes 

of 4-bit binary codes. In specific, the MNIST dataset was preprocessed by binarizing 

and resizing to 28 × 28 pixels using default OpenCV methods (Figure 4.7).118 Then, 

the original image is divided into columns of 4 pixels in width from left to right (Figure 

4.8a). These columns are sequentially re-connected end-to-end to form a long strip of 

196 pixels in length, as indicated by the colored dot cycles (Figure 4.8b). Each line of 

the processed images represents a 4-bit binary number, which are then used to modulate 

the input light waveforms as “Write” signal to MHPe@MYE physical reservoir. Three 

virtual device models were simulated: Dev1 with dual-feature (SMP1 & SMP2) reading 

capabilities and other two single-SMP “Read” modes (SMP1 for Dev2 and SMP2 for 

Dev3). The PL intensity readouts at different SMPs are mapped from the experimental 

PL readouts, are randomly assigned as processed results.  

 

Figure 4.7 Example of image preprocessing of MNIST. 
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Figure 4.8 (a) Crop of MNIST image into width of 4 pixels, and (b) the consequent 

rejoining of cropped images to form 4-bit strips. 

 

As discussed above, the overlaps in PL readouts of different input sequences 

impede the reconstruction of original data. As compared in Figure 4.9a and b, it 

demonstrates the converted images from simulated PL readouts using different SMPs, 

which shows noticeable loss of feature in Dev2 and Dev3; Especially for Dev3 with 

SMP2 only, the exclusion of last digit has induced a significant loss of origin features 

during physical reservoir computing, which is detrimental to downstream classification 

tasks. The processed results are fed into a software-based ANN, which has a simple 

structure for comparing the reliability of different SMP readouts (Figure 4.9c). It 

consists of an input layer with 196 nodes, a hidden layer with 16 neurons using ReLU 

activation, and an output layer with 10 nodes using SoftMax activation representing 

digit classifications (10 classes representing 0-9). The ANN employs the Adam119 

optimizer, which adaptively adjusts the learning rate using the first and second moment 

estimates of the gradients.  
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Figure 4.9 Device setups using extracted PL features mapped from experimental results. 

 

Training outcomes in Figure 4.10 indicate 92% accuracy for Dev1 (SMP1 & 

SMP2) at epoch 20, compared to 87% (Dev2, SMP1) and 90% (Dev3, SMP2). 

respectively. Notably, Dev2 and Dev3 exhibited faster learning on the training set but 

performed poorly on the validation set due to overfitting caused by system errors in the 

single-feature SMP modes. This result highlights that the dual-feature SMP device 

offers more reliable performance for all-optical data processing tasks even at simple 

MNIST classification tasks. The dual-SMP mode of Dev1 further illuminates specific 

strengths in digit classification capabilities across all 10 numbers without notable 

weakness as illustrated in the confusion matrix in Figure 4.11. It shows robust 

performance through high diagonal counts like 929 for digit 0 and 1107 for digit 1, 

showing robust overall reliability in handling the MNIST dataset. 
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Figure 4.10 Training records for MNIST handwritten digit classification 

 

 

Figure 4.11 Confusion matrix of MNIST classification using Dev1 dual-SMP setup. 
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4.4 PL-based latent UV fingerprint recognition 

Building upon the validated capabilities of MHPe@MYE’s as a physical reservoir 

and optimized SMP setups, its potential application in all-optical fingerprint 

recognition based on UV images from the SOCOFing dataset has been further 

examined.120 The importance of distinguishing between authentic and counterfeit 

fingerprints has significantly increased in modern security systems. While 

optoelectronic and capacitive sensors are typically employed for processing UV light 

inputs, these traditional devices are susceptible to environmental interference and can 

be fooled by high-quality replicas, thereby necessitating the development of alternative 

methods. Here, this study shows that MHPe@MYE “smart phosphor” can potentially 

replicate this process through a full PL-based manner. The workflow of proposed PL-

based physical reservoir computing for fingerprint authentication using MHPe@MYE 

“smart phosphors” is schematically illustrated in Figure 4.12. The UV camera captures 

fingerprint patterns based on their unique UV adsorption properties, which are then 

directly converted into sequences of UV light pulses (365 nm) for processing by the 

MHPe@MYE. The simulated PL readouts are then similarly fed into software ANN for 

offline training. Notably, only the weights in the readout layer should be updated by 

capitalizing on the inherent data transformations of the MHPe@MYE “smart phosphor” 

as physical reservoir. This approach not only harnesses MHPe@MYE’s preprocessing 

capabilities but also enhances specificity towards a defined outcome while mitigating 

the risks of overfitting.  
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Figure 4.12 Flowchart of latent PL-based UV fingerprint recognition using 

MHPe@MYE as physical reservoir. 

 

Notably, artificial fingerprint recognition involves more complicated tasks 

compared to MNIST, particularly due to the much larger images in the SOCOFing 

dataset (96 × 106 pixels). These larger fingerprint images contain significantly more 

information per pixel, posing a greater challenge for traditional data preprocessing 

methods to effectively extract and recognize the relevant features. Therefore, the data 

preprocessing capabilities of the “smart phosphor” MHPe@MYE synaptic device 

become pivotal in order to simplify the computation while maintaining accuracy. 

Extensive binarization and resizing techniques were explored as compared in Figure 

4.13, where the adaptive thresholding method is selected during binarization upon 

resizing the image to 64 × 64 pixel due to their good performance in balancing the 

training cost and preservation of features. As shown in Figure 4.14, the cropping, 

rejoining preprocessing, and experimentally extracted PL features as inputs for offline training, 

are similar to the case of MNIST 
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Figure 4.13 Examples for comparing the Ostu and adaptive threshold binarization 

method for 64 × 64 resized SOCOFing images. 

 

 

Figure 4.14 Crop and rejoin process for SOCOFing fingerprint images. 

 

To cope with the complex fingerprint recognition tasks, a more complex ANN 

structure was used. As shown in Figure 4.15a, it consists of three convolutional layers 
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(32, 64, and 64 filters with 2×2 kernels) with Rectified Linear Unit (ReLU) activation 

and max-pooling layers (2×2), followed by two dense layers (64 neurons and 2 neurons) 

for binary classification. Following an 0.64/0.16/0.2 for train/validation/test split, the 

ANN was trained with the Adam optimization with initial η = 0.001. Additional 

optimization techniques were implemented including learning rate reduction and 

callbacks like ModelCheckpoint and EarlyStopping to prevent overfitting. To ensure 

reproducibility of training records, a fixed seed was set for consistent randomization 

across all computational steps.  

The software-based offline training results were plotted in Figure 4.15b, showing 

that the dual-feature reading method (Dev 1) leads to a much higher accuracy 

throughout the training process, and finally reaches an accuracy of 94.4% after 60 

epochs. The recognition records after training are found similar to other reported 

neuromorphic devices in spite of the different input/output modes or mathematical 

algorithms.82-84,121 On the other hand, the Dev 2 (using SMP2 only) gives a much lower 

recognition accuracy of 84.2% after training the same databases. As compared in 

Figure 4.15b to e, such a difference between Dev1 (dual-SMP) and Dev2 (single-SMP) 

methods is observed through different resizing criteria. It highlights the importance of 

effective PL feature discrimination by employing two SMPs when dealing with 

complex image recognition tasks like fingerprints. In addition, Figure 4.16 gives a 

summary of the training records, including the accuracy and loss of SOCOFing 

recognition of various resizing strategies. Further reduction in image size during 

preprocessing leads to drastic feature loss, resulting in diminished accuracy and 

increased loss. The 64 × 64 resize method demonstrated a balanced high accuracy with 

minimal computational overhead. 
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Figure 4.15 (a) Offline software-based ANN training methods. Training record of 

SOCOFing fingerprint recognition using MHPe@MYE as PL-based physical reservoir 

using (b) 64 × 64, and other resized scheme including (c) 96 × 96, (d) 48× 48, and (e) 

32× 32 fingerprint images.  

 

 

Figure 4.16 Summary of accuracy and loss metrics among difference resize of 

SOCOFing. 

 

4.5 Extended PL-based physical reservoir 

The concept of PL-based physical reservoir computing can be applied to other 

phosphors with adaptive PL variation characteristics at time domains, such as PersL 
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phosphors, although the lack of explicit “Read” operations may hinder the performance 

in complicated cases. For instance, similar dynamic PL features were constructed based 

on three classic PersL phosphors Sr2MgSi2O7:Eu2+,Dy3+, SrAl2O4:Eu2+,Dy3+ (SAO), 

and CaS:Eu2+ (commercially available from Foshan Juliang) with blue, green, and red 

emission, respectively. The “Write” process features PL excitation by programmed 

light pulses from a 365 nm LED driven by AWG, similar to the case of MHPe@MYE. 

No probing “Read” pulse could be applied, and the continuous decay of PersL serve as 

the output signal for the PersL-based reservoir.   

The PL emission spectra of the three PersL phosphors under 365 nm excitation are 

shown in Figure 4.17a, with full coverage of the visible spectrum for a potentially 

higher information bandwidth. Their PersL decay kinetics directly define appropriate 

“Write” parameters in each case (Figure 4.17b-d): the faster-decaying PersL phosphor 

(Sr2MgSi2O7:Eu2+,Dy3+) requires higher-frequency input pulses (3 Hz) to resolve 

multistate sequence encoding, while the slower systems (SAO, CaS:Eu2+) demand 

adjusted duty cycles and frequencies to align with their PL dynamics timescales. This 

adaptability highlights that PL-based reservoir performance hinges not only on intrinsic 

material superiority but also on tailored operational parameter designs to optimize the 

dynamic PL features at appropriate time domains. 
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Figure 4.17 Conceptual investigation of PersL-based all-PL reservoir properties. (a) PL 

emission spectra of PersL phosphor Sr2MgSi2O7:Eu2+,Dy3+ (blue), SAO (green), and 

CaS:Eu2+ (red) under 365 nm excitation. The “Write-only” feature spaces of potential 

all-PL 4-bit reservoir using (b) blue PersL of Sr2MgSi2O7:Eu2+,Dy3+ with 3 Hz light 

pulse input, (c) green PersL of SAO with 1 Hz light pulse input, and (d) red PersL of 

CaS:Eu2+ with 1.5 Hz light pulse input. Inset diagrams show the corresponding 

excitation waveforms of light stimuli. 

 

Although their neuromorphic properties are all based on PL processes, they show 

utterly different aspects. As compared in Figure 4.18a and b, the PersL-based systems 

exhibit neuromorphic behaviors in the form of decaying post-stimuli luminescence 

signals, whereas the MHPe@MYE “smart phosphor” with dark-state PL properties 

variations demonstrate distinct “Write” and “Read” functions. 
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Figure 4.18 Schematical illustration of the different neuromorphic PL behaviors 

between existing (a) “Write-only” systems and (b) The constructed variation-type 

“Write & Read” MHPe@MYE “smart phosphor”. 

 

Therefore, this work has accordingly classified current PL-based neuromorphic 

systems into two categories:  

“Write-only” Decay-type systems: exemplified by PersL and PA UC that rely on 

continuous PL decay following initial stimulation. Information can only be passively 

retrieved through the ongoing PL decay, resulting in “Write-only” operations. 

“Write & Read” Variation-type systems: as proposed in this work, these systems 

exhibit history-dependent PL property variations in dark states. This is originated from 

light-induced materials-level variations that simultaneously alter its PL properties, thus 

supporting distinct “Write” and “Read” operations. 

Table 4.1 lists and compares the current reports on PL-based neuromorphic behaviors. 

It clearly distinguishes the MHPe@MYE mechanism as material reconfiguration from 

existing reports, whose overall mechanisms are all based on photophysical processes 

with “Write-only” synaptic functions.  
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Table 4.1 Comparison of existing PL-based neuromorphic systems.  

 Mechanisms Write Read  Ref  

MHPe

@MYE 

material reconfigurations of light-

induced and recoverable interface-

driven halogen migration 

Inducing material 

variation with 

altered PL 

properties 

Non-destructive 

probe by low-

energy spike 

This work 

PA UC 

Photophysical process of excited-state 

population kinetics with energy looping 

between Tm3+ ions near the PA threshold 

Pumping electrons 

from ground states 

to emissive excited 

states 

(i.e., trap, 

intermediate, or 

triplet states) 

Passive readouts 

during continuous 

luminescence 

decay 

122 

PersL 

Photophysical process of trap-mediated 

electron trapping/detrapping at defect 

states, and resultant luminescence decay 

123 

Triplet 

ET 

Photophysical process of O2-mediated 

TTA anti-Stokes UC at triplet states via 

ISC and ET 

124 

 

The separation of “Write” and “Read” operation is widely recognized for its 

advantages in information processing, such as enhanced data integrity and reduced 

disturbance during readout.125,126 Drawing inspiration from existing paradigms, the 

successful implementation of distinct “Write & Read” functionality in PL-based 

systems may also lead to functional advancement over previous “Write-only” decay-

type systems. Some prospective merits are conceptually illustrated in Figure 4.19 

featuring the following key benefits: 

1. Information security through on-demand accessibility 

Continuous PL decay in decay-type systems continuously broadcast information 

globally, creating security risks by information leakage. In contrast, variation-type 
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systems like MHPe@MYE with “Read” operation requires specific optical triggers to 

activate current PL states. This prevents data leakage in security-sensitive tasks. 

2. Anti-interference through dark PL properties variations 

Decay-type systems with continuous post-stimuli signaling may suffer from internal 

signal interference due to light scattering, reflection, and refraction of decay within the 

system. In stark contrast, the variation-type avoids this by operating in dark states post-

“Write”, ensuring reliable information processing by isolating signals until intentional 

“Read” excitation. 

3. Parallel co-computing enabled by spatiotemporal decoupling 

The global signal broadcasting of decay-type phosphors complicates unit integration 

due to signal overlaps within adjacent phosphors. In contrast, variation-type systems 

separate the “Write” and “Read” phases. The dark PL properties variations and on-

demand “Read” mechanism enable selective readout extraction without external 

interference. 

 

Figure 4.19 Schematic illustrations of the importance of distinct “Read” operations 

showing potential prospects in information security, anti-interference, and parallel 

operation. 
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The above latent advantages have potential placed the variation-type “Write & 

Read” systems as a more practicable neuromorphic computing paradigms based on PL 

functions. To further elucidate the advantages of implemented “Read” mechanisms in 

the developments of PL-based neuromorphic systems, comparison studies were 

performed to examine the impact of signal interference of “Write-only” counterparts. 

These experiments aim to demonstrate the critical importance of the “Read” operation 

in mitigating interference effects, thereby enhancing system reliability and efficiency. 

A similar PL-based physical reservoir was virtually constructed for SOCOFing 

fingerprint recognition using a decay-type “Write-only” configuration (tagged as w/o 

Read) with analogous PL features to MHPe@MYE. This virtual system was compared 

against the original “Write” and “Read” system (tagged as w/ Read). The impact of 

interference was investigated under four different scenarios: 

1. Internal interference (Internal): A single decay-type unit operating in isolation, 

where interference was primarily due to internal factors such as light scattering, 

reflection, and refraction of the continuous decay within the system. 

2. External interference at far-distance (Far): Another identical decay-type unit 

placed at a significant distance from the primary unit, causing minimal signal 

overlaps between the two continuous decaying signals. 

3. External interference at medium-distance (Med.): Another identical decay-type 

unit placed at a moderate distance, introducing moderate signal overlaps. 

4. External interference placed adjacently (Adj.): Another identical decay-type unit 

placed adjacently, maximizing signal overlaps. 

The results revealed that even with minimal internal interference, the accuracy of the 

decay-type system decreased to 91.7%, compared to the original 94.4% for the system 
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with a “Read” operation (Figure 4.20a). The introduction of external signal overlaps 

further reduced accuracy, down to 76.4% in the adjacent case. This significant drop in 

accuracy underscores the vulnerability of decay-type systems to signal interference. In 

the meantime, the time costs associated with feature-space deviations were examined 

by counting the number of re-examination events due to feature loss. When the 

interference drifts PL readouts out of the experimentally acquired PL feature map (i.e., 

Figure 4.5 and Figure 4.6), it will count as one feature-loss event. As shown in Figure 

4.20b, the “Write-only” operation led to a notable number of feature-loss events, 

particularly under external interference conditions at close distances. This results in 

increased training costs and reduced data quality. 

Similar performance degradation was observed when altering the resize value 

during image preprocessing. At a constant medium distance, even minimal resizing 

(e.g., 96 × 96) resulted in reduced maximum accuracy (Figure 4.20c) and greatly 

increased resource costs due to feature-loss events (Figure 4.20d). These observations 

highlight the impracticality of deploying multiple decay-type units in adjacent regions 

and underscore the critical necessity of integrating a distinct “Read” mechanism to 

enable robust, scalable parallel processing in developing PL-based neuromorphic 

computing architectures. The above simulation results evidence the advantage of 

distinct “Read” operations. 
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Figure 4.20 Comparison studies of PL-based physical reservoir for fingerprint 

recognition without distinct “Read” mechanism. (a) Recognition accuracy and (b) 

amounts of feature-loss events for 4 different scenarios. (c) Recognition accuracy and 

(d) number of feature-loss events for different image resizing. 

4.6 Summary 

This showcase of MHPe@MYE’s capabilities in data preprocessing presents an 

innovative alternative to conventional processing methods like normalization and 

regularization. By effectively managing the intricacies of the SOCOFing fingerprint 

dataset, the MHPe@MYE physical reservoir secures a comparable performance with 

conventional electrically functioned devices with high recognition accuracy of 94.4%, 

further and enabling the development of specialized and efficient network architectures 

exclusively based on PL functions.
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Chapter 5 PL and FE Er-doped HfO2 Ultrathin Films 

with High Endurance 

5.1 Introduction 

The information explosion, from both aspects of quantities and dimensionalities, 

has spurred a growing demand for electronic materials with extended information 

freedoms, enhanced processing capabilities, and smaller sizes.127,128 HfO2 has long been 

recognized for its high-k dielectric properties.51
 Notably, a paradigm shift occurred in 

2011 with the discovery of FE in Si-doped HfO2 films.52 The unique combination of 

exceptional FE characteristics at ultrathin level and the high compatibility with CMOS 

technology significantly addresses the bottlenecks of traditional FE materials (such as 

oxide perovskite and polymer ferroelectrics) in device fabrications, leading to great 

potential in various electronic devices applications (Figure 5.1a).129-131 The FE phases 

of HfO2, such as the o-phase, are inherently metastable at room temperature, the 

stabilization of which can only be achieved by imposing multiple driving factors, 

including dopants, defects, strains, and rapid annealing.51 The crucial role of dopants in 

such phase stabilization has been widely acknowledged.132-134 Despite the significant 

progress, several challenges persist and hinder their widespread adoption, particularly 

the electrical wake-up effect and limited endurance. The wake-up effect of HfO2 refers 

to a phenomenon where the polarization strength gradually increases over the initial 

switching cycles (typically from 102 to 106 cycles).135 Such FE films may not perform 

consistently, which complicates their usage in applications. On the other hand, the 
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endurance of HfO2 thin films also remains notably inferior to that of traditional ABO3-

type perovskite ferroelectrics. This limitation arises from the intrinsic fragility of the 

metastable FE phase in HfO2, which is highly sensitive to external perturbations and 

prone to phase instability during repeated polarization switching. Over cycling, the 

material is susceptible to the accumulation of structural and electronic defects, with 

oxygen vacancy generation and redistribution playing a central role in the fatigue 

process. These vacancies can migrate and aggregate under electrical stress, forming 

conductive filaments and local breakdown pathways. Furthermore, charge trapping at 

interfaces and within the film can lead to domain pinning, impeding the reversible 

switching of FE domains and causing a progressive reduction in the remnant 

polarizations (Pr). The combined effects of defect dynamics and charge trapping 

ultimately degrade FE performance and limit the endurance of HfO2 thin films, 

accounting for their poor fatigue resistance compared to conventional ferroelectrics.  

In contrast to the other ferroelectrics, dopants play a crucial role in stabilizing the 

metastable Pca21 FE o-phase HfO2.51,136 Recognizing the pivotal role of dopants in 

addressing these challenges, researchers have intensified many efforts in dopant 

engineering as the key strategy to improve the FE performance of HfO2. Continuous 

efforts have been put in exploring capable dopants beyond the conventional Si:HfO2 to 

Zr:HfO2 (HZO) and Y:HfO2 (HYO) recipes.137-143 For instance, the incorporation of 

excess Hf and Zr in metallic form results in Hf(Zr)1+xO2 thin films stabilized in an 

alternative FE rhombohedral phase, showing greatly reduced coercive fields and 

enhanced remanent polarizations that are highly desirable for the low-power 

applications (Figure 5.1b).139,144 A donor-and-acceptor co-doping strategy is reported 

to help accomplish an ultrafast FE switching dynamics of the La,Ta:HfO2 thin films 
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(Figure 5.1c).145 Notably, Y and La dopants have shown the capability to transcend the 

thickness limits of o-HfO2.146,147 HYO, in particular, is reported to possess intrinsic 

ferroelectricity, as evidenced in both highly crystalline thin films and bulk single 

crystals.143,148  

 

Figure 5.1 (a) Review of FE HfO2, their utilization in various FE devices, and the 

related cutting-edge applications. Crucial impact of dopants from various aspects, such 

as (b) HfZr(1+x)O2 stabilized in alternative FE phase structure,139 and (c) enhanced 

polarization switching dynamics in LT:HfO2.145 

 

There, the exploitation of novel dopant candidates has become an imperative and 

pivotal objective in this research field.149 Besides these merits, the multifaceted impacts 

of metal-ion dopants beyond conventional influences on electrical properties await 

further exploitations.150 Some Ln are recognized for their abundant energy levels and 

unique intra-configurational f-f transitions, which allows for light absorption and 

photoemission across a broad spectral range covering UV to NIR regimes. As a 

representative, Er3+ ion can show both visible and NIR photoemissions through the UC 

and DC pathways, respectively. Such versatile Er3+ luminescence has found 
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applications across diverse fields, rendering their widespread utilizations in 

telecommunications, optoelectronics, and biomedical applications.151,152 In our 

previous work, the interesting coupling effect between PL and ferroelectricity in Er/Yb 

co-doped BTO films have been previously dem,onstrated.57 The introductions of 

optically active Er3+ into 2D transition metal dichalcogenide (TMD) semiconductors 

like MoS2, WS2, and ZnSe also hold promises for extending optical 

functionalities.153,154 However, the introduction of Er into FE HfO2 remains an 

uncharted area of interest. In stark contrast to the above material systems, where Er 

luminescence is intentionally introduced as an extrinsic guest property into host 

matrices with pre-existing features (such as ferroelectricity in undoped BTO, or 

semiconducting characteristics in undoped 2D TMDs), the FE stabilization of HfO2 

critically hinges on appropriate dopants. This situation prompts an intriguing question 

about how Er will impact the FE property in doped HfO2.  

Leveraging insights from the chemical and physical conformality between Er3+ 

and Y3+, as well as the extensively studied HYO systems with superior ferroelectricity, 

it is proposed that Er can achieve both objectives within a single type of dopant. In other 

words, the incorporation of Er itself undertakes a dual role in HfO2, namely, the 

stabilization of ferroelectricity and the incorporation of PL property. Here in this work, 

it is first elucidated that, from a theoretical standpoint, Er can arouse superior dopant 

effect that suppress the well-studied Y and Zr dopants, resulting in effective 

stabilization of robust and endurable ferroelectricity by anchoring VO from non-FE 

migration; on the other hand, the emergence of localized Er 4f states within the HErO 

host bandgap introduces a distinct optical difference. Experimental verifications were 

subsequently conducted using epitaxial HErO thin films grown by PLD. The as-
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deposited HErO thin films display robust ferroelectricity at various thicknesses (3 to 30 

nm). More importantly, it was confirmed that Er-doping has greatly improved the 

endurance with less than 20% degradation in Pr obtained after over 1011 switching 

cycles measured at 1 MHz. The successful integration of PL properties into HErO film 

was validated by spectral investigations, offering both NIR and visible photoemissions 

under 980 nm excitation through the DC and UC processes, respectively.  

This study paves the way toward intrinsically expanded optical freedom of FE 

HfO2 thin films spanning wide spectral windows, and significantly enhanced opening 

up new possibilities for achieving HfO2-based multi-mode and multifunctional devices 

with high endurance as illustratively summarized in Figure 5.2. 

 

Figure 5.2 Schematic of the research design and key results in this chapter. (a) 

Illustration of the FE and PL dual-mode HErO thin film. (b) DFT Simulated phase 

energy of HfO2 in diffenrent phase. (c) The PUND test of HErO. (d) Benchmarking FE 

properties of HErO against other dopants. (e) DFT simulation on introctin of the optical-

active localized Er 4f states. (f) Experimental measured UC and DC PL from HErO at 

ultrathin films (~11 nm). 
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5.2 Theoretical insights into Er-doping effects 

This study first examines the Er-doping effect in HfO2 via theoretical simulations. 

The crystal structure of FE Pca21 o-HfO2 is shown in Figure 5.3a, which is one of the 

metastable phases among the numerous HfO2 polymorphs. In view of the HfO2 phase 

diagram, the effects of dopants are commonly determined by three aspects: valency, 

ionic radius, and electronegativity.155 These three features collectively affect the 

coordination number (CN) of hafnia and their bonding characteristics to oxygen, which 

are crucial for stabilizing o-HfO2.156 It is widely argued theoretically that trivalent 

dopants with large ionic radius and low electronegativity are superior choices, which 

favors the Ln series as ideal dopant candidates. Because of lanthanide contraction, all 

the Ln elements, together with the nearby Y, Hf, and Zr elements, possess similar 

chemical and physical properties, including ionic radii (Figure 5.3b) and 

electronegativity. While Zr has emerged as the most common dopants in both academic 

and industrial perspective, Y3+ also garnered experimental and theoretical favors in the 

stabilization of ferroelectricity of HfO2.155 In the meantime, Er and Y are acknowledged 

for their capability to form solid solutions in many material systems.157-159 

Consequently, Er may serve as an analogous substitute for Y doping in the case of FE 

HfO2. 
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Figure 5.3 (a) The crystal structure of FE o-HfO2, the displacive oxygen layer and the 

fixed oxygen layer during FE polarization are painted in green and blue, respectively. 

(b) The ionic radius of candidate dopants at 6-fold (for m-phase) and 7-fold (for o-phase) 

CN including Yb, Er, Y, and Zr against the pristine Hf. 

 

To offer theoretical insights into this point, DFT simulations were first carried out 

for a systematic comparison between the dopant effects of Er on FE o-HfO2 with 

reference to the well-studied Zr and Y. The phase energies of HfO2 doped with different 

metal ions were first compared. Figure 5.4 compares the phase energies of different 

non-FE phases and FE o-phase of HfO2 doped with various dopants, including Si (12.5 

a.t.%), Zr (50 a.t.%), Er (12.5 a.t.%), Y (12.5 a.t.%), and Al (12.5 a.t.%). The total 

energy was normalized based on the non-FE m-phase, which is thermodynamically the 

most stable phase of undoped HfO2 at room temperature. It clearly shows that Er-

doping leads to lower gap between FE o-phase and non-FE monoclinic (m), cubic (c), 

and tetragonal(t)-phase, which secure the fundamental of a more robust phase stability 

during electrical cycling.  
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Figure 5.4 Phase energies of FE HfO2 doped with various dopants normalized to the 

total energies of non-FE m-phase, correspondingly.  

 

The FE properties of HErO were then studied in terms of Pr from the theoretical 

aspects by Berry phase method using HYO as a reference, which is current holder of 

record-high Pr by PLD.148 In specific, 10 intermediate states were established by the 

nudged elastic band (NEB) method between the pristine Pca21 polarization-down 

configuration and the centrosymmetric Pbcm states. The plots of the calculated 

polarization along the z axis (Pz) can be clearly categorized into three parallel branches 

(Figure 5.5a and 5.5b), indicating a spontaneous polarization of 62.4 μC/cm2 and 60.9 

μC/cm2 for HErO and HYO, respectively. No obvious spontaneous polarization can be 

found along the x and y axis of both the two models. The fitted spontaneous polarization 

of the undoped HfO2 is relatively smaller (Figure 5.5c, 50.1 μC/cm2). The results 

indicate that Er has a comparably positive contribution to the polarization of HfO2 like 

Y-doping does. As shown in the inset atomic scheme in Figure 5.5d, by extending the 

oxygen motion across the intermediate states toward the polarization-up Pca21 states, 

the corresponding energy barrier of the polarization switching process can be 

calculated.160 The simulation results in Figure 5.5d show that HErO needs to overcome 

a potential barrier of ~66.1 meV/atom while crossing the centrosymmetric Pbcm state. 



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5 

107 

 

The value is comparable to that of the HYO counterpart (~66.8 meV/atom), and 

significantly lower than the undoped FE HfO2 scenario (~87.4 meV/atom). These 

results indicate that the Er and Y dopants can facilitate the FE switching of HfO2 by 

lowering the energy barrier to a similar extent from the theoretical perspective. The 

total energies of the polarization-down states to their corresponding up states with the 

same displacement slightly deviates, which might cause further phase degradation to 

the anti-polar phase as discussed elsewhere.160 

 

Figure 5.5. Calculated Pz of (b) HErO, (c) HYO, and (d) undoped FE HfO2. (d) The 

energy landscapes of the entire polarization-switching process of HErO, HYO, and 

undoped HfO2, the inset shows the crystal structures of the initial polarization-down 

Pca21, the centrosymmetric Pbcm, and the final polarization-up Pca21 states. 
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The electrical switching endurance of FE HfO2 is critically influenced by the 

migration behavior of VO. VO is generally present in the HfO2 thin films, which is also 

evidenced to be beneficial for the stabilization of FE o-phase. However, it is argued that 

the breakdown and fatigue of HfO2 during electrical cycling is majorly related to the 

motion of neutral VO and positively charged VO (VO
••) oxygen defects, respectively.161 

In specific, neural VO can be generated upon electrical cycling, which would easily 

migrate to form percolation paths or filaments to form conductive filaments, eventually 

resulting in the hard dielectric breakdown. On the other hand, VO
•• tend to be trapped 

at domain boundaries, which induce domain pinning that leads to gradual polarization 

fatigue without significant increase in leakage. 

To quantitatively assess how dopant interactions affect endurance, the study 

establishes migration models that explicitly consider the spatial relationship between 

VO and metal-ion dopant ions. Although the microscopic origin of ferroelectricity in o-

HfO2 is still under debate, the basic polarization switching process is arbitrarily driven 

by the displacements of oxygen ions along the ±z direction in the lattice.162,163 This 

approach allows for a direct evaluation of how the presence and proximity of dopants 

modulate the migration barrier of VO, which is a key factor in determining vacancy 

mobility that could lead to FE fatigue or dielectric breakdown. In specific, three 

representative diffusion paths for VO
•• were analyzed as illustrated in Figure 5.6a, 

which are O1 to O1, O2 to O2, and O1 to O2 located at either far from or close to the 

substitution site, respectively. The migration barriers were calculated using NEB 

method for undoped HfO2, HErO, and the most conventional HZO. The resultant 

energy landscapes in Figure 5.6b, constructed on the total energies of different images 

during the migration, clearly demonstrate that Er doping can significantly increase the 
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migration barrier of VO
•• happened adjacently (with barrier of >3.0 eV) compared to the 

case where VO
•• migration is away from the coordination shell of Er (~2.2 eV). Notably, 

the energy barrier of the far Er- VO
•• case is the same as the undoped scenario. In sharp 

contrast, Zr-doping shows no restriction on VO
••, as the migration barrier of adjacent 

VO
•• migration process even diminishes slightly (~2.1 eV). 

 

Figure 5.6 (a) Diffusion paths of VO
••·in metal-ion-doped FE HfO2. The red, blue and 

green arrow indicates the migration of VO
•• from O1 to O1, from O1 to O2, and from 

O1 to O2, respectively. The cycled area indicates the VO
•• migration process close to 

the metal-ion dopants (tagged as Adjacent) or far from the metal-ion dopants (tagged 

as Far). (b) The NEB energy landscape of the VO
•• migration process.  

 

Building upon the ability of Er to anchor adjacent VO
•• migration, the distribution 

of VO
•• is further studied. Generally, opposite charged defects tend to aggregate in the 

lattice to achieve the lowest total energies due to electrostatic and elastic interactions.164 

Therefore, the defect binding energies of ErHf
- and VO

•• (𝐸ୠ(Erୌ୤
ିଵ + 𝑉୓

ଶା)) at different 

configurations were investigated: 

𝐸ୠ(Erୌ୤
ିଵ + 𝑉୓

ଶା)  = 𝐸୲୭୲(Erୌ୤
ିଵ + 𝑉୓

ଶା) + 𝐸୲୭୲(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) − 𝐸୲୭୲(Erୌ୤
ିଵ) − 𝐸୲୭୲(𝑉୓

ଶା)  
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where 𝐸୲୭୲(Erୌ୤
ିଵ + 𝑉୓

ଶା) , 𝐸୲୭୲(𝑝𝑒𝑟𝑓𝑒𝑐𝑡) , 𝐸୲୭୲(Erୌ୤
ିଵ) , and  𝐸୲୭୲(𝑉୓

ଶା)  is 

the total energies of the lattice with both defects, the perfect FE HfO2, the Er-doped 

HfO2, and the VO
••-contained HfO2 lattice, respectively. The ErHf

--VO
••-distance-

dependent 𝐸ୠ is plotted in Figure 5.7. It clearly shows that VO
•• favors incorporation 

in the first coordination shell of Er dopants, leading to a stable binding energy of ~0.25 

eV. As the VO
•• was set away from Er, the binding energy also increases, indicating the 

configuration become less stable. The thermodynamically stable configuration of 

adjacent ErHf
- and VO

•• prompt the merits of Er to further stabilize the VO
••· migration, 

which is absent in the main-stream HZO counterpart. The above results collectively 

evidence the attractive interaction between Er dopants and VO
•• that can restrict vacancy 

movement and thereby contributes to improved endurance in HErO. 

 

Figure 5.7 Binding energy (Eb) as a function of distance between Er and VO. 

 

Besides the superb Er-doping effects that can potentially stabilize a high-

endurance ferroelectricity, another distinguishable difference among Er and other 

dopants lies in the extra Er 4f electronic states and the relevant electronic transitions. 

Screened by the outer-shell s, p, and d electrons, the 4f electrons of Er barely participate 

in any mixing or bonding interactions with the coordinating atoms. Consequently, Er3+ 
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(electron configuration [Xe]4f11) shows high conformality to Y3+ ([Kr]). Therefore, a 

comparison study was then carried out using HYO as the reference. As compared in 

Figure 5.8a-d, The electronic band structures and density of states (DOS) of HErO and 

HYO are almost identical, despite that sharp difference can be seen from the emerging 

non-bonding Er f states with localized and non-dispersive features located within the 

large bandgap of HErO. It offers sufficient space for intra-configurational f-f electronic 

transitions among Er3+ terms during both the UC and DC PL process. These results 

demonstrate an intriguing juxtaposition of certain shared FE characteristics and distinct 

optical disparities between HErO and HYO. In other words, Er luminescence has 

become an intrinsic property of FE HErO. Such optical upgrades of HErO compared to 

HYO hold great promises in extending the functionality of FE HfO2 thin films and their 

devices. 

 

Figure 5.8 A comparison between the calculated electronic band structures and 

projected DOS between (a)(b) HErO and (c)(d) HYO. 
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5.3 Structural characterizations of HErO thin films 

After evaluating the theoretical availability of two-way Er-doping effects in HfO2, 

experimental verifications were carried out using PLD-grown epitaxial HErO thin films 

on LSMO-buffered STO(001) substrates to demonstrate the dual optical and FE 

properties within a single system of HErO. Comprehensive XRD analyses were carried 

out for investigation of the crystal structures of the HErO thin films. Figure 5.9a shows 

the standard 2θ-ω scans of the as-deposited HErO/LSMO/STO films in the range of 3 

- 30 nm. The 2θ peak at around 30o can be assigned to the (111) plane of o-HfO2. The 

slight deviation from the standard 2θ value of 30.5o is originated from the doping effect 

of Er with larger ionic radius (0.95 Å with 7-fold coordination, for Hf sites in Pca21 o-

HfO2) compared to Hf (0.76 Å with 7-fold coordination). The compressive in-plane 

strain also holds responsible for the elongated plane spacing of (111), especially when 

the film thickness approaches down to 3 nm.144 The effects of Y doping (0.96 Å with 

7-fold coordination) are similar according to present literature.142 Crystal truncation 

rods of Laue oscillations can be viewed alongside the HErO and LSMO 2θ peaks over 

the thickness series, demonstrating the generally good crystalline and interface quality. 

A slight monoclinic impurity accompanies the growth of o-HErO when film thickness 

further increases to ~30 nm. The 11-nm thick HErO was selected as a representative 

for further detailed crystal structure characterizations. The ω rocking curve of 

LSMO(001) (2θ = 23.0o, Figure 5.9b) shows a predominate sharp peak with fwhm of 

0.06o, indicating the high quality of the LSMO buffer layer. Consequently, the ω 

rocking curve aiming at o-HfO2(111) (2θ = 30o
, Figure 5.9c) give a classic combination 

of a sharp peak (fwhm is 0.16o) sitting on a much broader peak, which can be assigned 
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to the high-crystallinity and low-crystallinity parts of the epitaxial HfO2 film, 

respectively.148  

 

The relatively weak intensity for the bottom broad peak indicates a relatively high 

quality of the as-deposited HErO thin film.148 The thickness of the above thin films was 

determined by fitting of XRR curves, as shown in Figure 5.9d.165 The fitted curve 

(black lines) match well with the measured data, while the clear oscillations in the XRR 

curve resulted from the various HErO and ~50 nm LSMO layers indicate the smooth 

interfaces and surfaces with margin roughness. Furthermore, azimuthal φ scans were 

performed to confirm the epitaxy relationship among the HErO and LSMO epitaxial 

layers and the STO substrates. The classic cube-on-cube epitaxial growing mode of 

LSMO(001) on STO(001) can be first confirmed by the 4-fold φ peaks of LSMO(111) 

(2θ = 40.2o, χ= 55o), with identical periodicity to those of the STO(001) substrates 

(Figure 5.9e). Moreover, aiming at the (-111) plane of o-HfO2 (2θ= ~30.2o, χ= ~71o), 

a set of 12-fold peaks can be observed that corresponds well to the in-plane epitaxial 

variant of o-HfO2(111) with 3-fold symmetry growing onto LSMO(001)/STO(001) 

with 4-fold symmetry.  
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Figure 5.9. (a) the XRD 2θ-ω scan of HErO/LSMO/STO(001) thin films at various 

thickness, and the rocking curves of (111) plane in (b) LSMO and (c) 11-nm-thick HErO. 

(d) The XRR and fitting results of the HErO/LSMO/STO(001) thin films. (e) The 

azimuthal φ scan results of the 11-nm-thick HErO/LSMO/STO(001) thin film at χ = 

71o.  

 

However, owing to the highly similar crystal structures of the HfO2 polymorphs, 

it is worth noticing that the (111) plane of cubic Fm-3m HfO2 also locates at around 2θ 

= ~30o, and the interplanar angle χ between c-phase (111) and (-111) is ~71o as well. 

Before the emergence of ferroelectricity, doped HfO2 films, such as HYO, have also 

been vastly researched in terms of their dielectric properties, alternatively facilitating 

the stabilization of high-k c- and t-HfO2.166 Therefore, distinguishing the XRD profiles 

between the high-k and FE HfO2 films often raise ambiguities. In the case of HErO, 

using the well-known hypersensitive nature of Er PL properties, the misleading c-phase 

(111), as well as the less ambiguous t-phase (011), can be easily ruled out by analyzing 

the spectral features. Such contributions of Er PL to the phase confirmation will be 
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discussed later in Chapter 5.4, whereas the more common way of XRD analyses was 

first performed to determine the uncertain HfO2 phases. Figure 5.10a shows the 2θ-ω 

scans featuring the pseudo cubic{002} ({002}pc) plane of o-HfO2 at different φ angles 

as specified by φ scan. The different has leads to obviously broadened peaks that are 

different from the single (002) peak of cubic HfO2.148 In addition, the rhombohedral 

distortion of the {111}pc planes is also a key feature for epitaxial o-HfO2, since most of 

the other polymorphs of HfO2 each possesses the same d-spacing for all {111} 

planes.167 As shown in Figure 5.10b, the three tilted {111}pc diffraction peaks of the 

as-deposited 11-nm-thick HErO, averaged over four domains of 

LSMO(001)/STO(001), all uniformly located at 30.5o. A 0.63o difference between these 

{111}pc and the out-of-plane HErO(111) peaks was observed, evidencing the presence 

of a distinguished rhombohedral distortion. Finally, based on the above results, the 

epitaxial relationship of the as-grown HErO thin films can be verified as o-

HfO2[111]//LSMO[001]//STO[001] for the out-of-plane and o-HfO2(-111)// 

LSMO(111)//STO(111) for the in-plane orientations, respectively. Notably, identical 

φ-scan periodic features can be observed across different thicknesses with on signals of 

other symmetry (Figure 5.11), suggesting a consistent growth mode and epitaxial 

orientation for HErO on LSMO/STO. 
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Figure 5.10. (a) XRD 2θ-ω scans around the {002}pc planes of HErO at various φ 

angles. (b) A comparison between the XRD of in-plane and out-of-plane {111}pc planes. 

 

 

Figure 5.11. φ scans aiming at HErO (-111) with different thickness.  

 

CS-STEM images were then recorded to provide the microscopic view of the 11-

nm HErO thin film. The low-magnification HAADF-STEM image clearly shows the 

multilayer layout of the HErO/LSMO/STO(001) thin films with smooth interfaces 

(Figure 5.12a), where the measured film thickness corresponds well to the fitted XRR 

fitting results. The different chemical compositions of the multiple layers can be 
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represented clearly by the EDX mapping images based on Figure 5.12a. It was found 

that the elements Ef (Figure 5.12b), Hr (Figure 5.12c) in HErO, Mn (Figure 5.12d) in 

LSMO, and Sr (Figure 5.12e) and Ti (Figure 5.12f) in STO, all distributed evenly over 

the corresponding layer. Such uniform allocation suggests that the Er dopants have been 

homogenously introduced into HfO2.  

 

Figure 5.12. (a) Low-magnitude HAADF-STEM and the corresponding EDX mapping 

of (c) Er, (c) Hf, (d) Mn, (e) Sr, (f) Ti, (g) O in the 11-nm-thick HErO/LSMO/STO(001) 

thin film. The white bar indicates 10 nm. 

 

The EDX spectra and the fitted elements compositions of the selection area are 

presented in Figure 5.13, respectively, confirming the actual Er-doping ratio (6.91 

a.t.%) that closely matches the nominal ratio (7 a.t.%) in the ceramic target. This 

provides strong evidence for the near-stoichiometric growth of HErO films by PLD. 

Large-area high-resolution STEM images, as shown in Figure 5.14, further reveal the 

high crystalline quality and uniformity of the two epitaxial layers. Both the 
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HErO/LSMO and LSMO/STO interfaces can be clearly resolved, exhibiting atomically 

sharp and smooth boundaries over a wide field of view. The well-ordered atomic 

arrangements across the interfaces highlight the excellent epitaxial relationship and 

structural integrity of the heterostructure. In the meantime, well-ordered atomic 

arrangements are maintained across the large area, with no obvious domains or 

secondary phases observed, highlighting the high-quality epitaxial relationship in the 

as-grown HErO/LSMO/STO thin films. 

 

Figure 5.13. EDX spectra selected on the HErO layer, inset shows the atomic fraction 

of HErO in the thin film. 

 

Figure 5.14 The HErO/LSMO/STO epitaxial thin films at the large field of view. 
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The iDPC- and HAADF-STEM image focused on the HErO/LSMO interfaces was 

shown in Figure 5.15a, featuring a continuous HErO layer growing onto the LSMO 

layer. As labelled in the figure, the clear crystal plane spacing of 3.0 Å and 3.9 Å match 

well to the standard data of o-HfO2(111) and LSMO(001), respectively. Furthermore, 

as demonstrated in Figure 5.15b, the zoomed iDPC-STEM image shows a clearer 

atomic layout in HErO. Notably, the light element O can also be observed from the 

image as tagged in red. The o-phase HfO2 crystal structure viewed along the [111] 

direction is then superposed onto the atomic layout (Figure 5.15b), showing the perfect 

matching of both Hf/Er and O in the images. However, further distinguishing Er 

dopants from Hf atoms remains challenging due to their similar physical and chemical 

properties. In particular, the close atomic numbers and comparable ionic radii of Hf and 

Er result in minimal contrast between the two elements in both ADF and DPC STEM 

imaging modes.168 As a result, direct visualization or differentiation of Er substitution 

at Hf sites is not feasible using these techniques. 

 

Figure 5.15 iDPC and HAADF STEM images of (a) interfaces between HErO/LSMO 

layer and (b) atomic layouts of Hf/Er and O as superposed by the crystal structure.  
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The overall uniformity of Er incorporation with similar chemical environments 

into Hf sites is further supported by XPS analysis. As shown in Figure 5.16, the XPS 

signal in the range of 168-170 eV can be well deconvoluted into two distinct peaks 

corresponding to Er 4d3/2 and 4d5/2, which is consistent with the expected spin-orbit 

splitting for Er in an oxide matrix.169,170 The absence of additional peaks or significant 

peak broadening indicates that Er ions are predominantly occupying a single chemical 

site within the HfO2 lattice. 

 

Figure 5.16 XPS spectra of Hf 4f and Er 4d in 11-nm-thick HErO. 

 

Collectively, the above structural characterizations evidence the high-quality and 

epitaxial growth of HErO and LSMO on STO(001) by PLD, which secures the 

foundation of following optical and electrical measurements as discussed below.  
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5.4 UC and DC PL in HErO thin films 

In sharp contrast to existing FE doped HfO2 systems, Er3+ ions exhibit distinct 

energy levels available for light conversion through multiple pathways.153,171 They can 

effectively promote an intriguing PL property alongside the robust ferroelectricity of 

HErO. As illustrated in the energy level profiles in Figure 5.17a, after absorbing one 

980 nm photon, Er3+ can reach the 4I11/2 excited states through the GSA process. 

Subsequently, it will relax to the lowest excited states (4I13/2) following the kasha’s rule, 

resulting in the DC NIR emission originated from the 4I13/2 → 4I15/2 transitions. 

Alternatively, the sequential absorption of another 980 nm photons at the 4I11/2 states 

can lead to further excitation to the higher 4F7/2 level, namely the ESA process.153 ESA 

leads to multiple UC emission peaks in the visible range, ascribing to transitions from 

2H11/2, 2S3/2, and 4F9/2 excited states to 4I15/2 ground state, respectively.  

 

Figure 5.17. (a) Schematic of the PL properties of epitaxial HErO/LSMO/STO thin 

films. (b) The energy level profile of Er3+, instructing the UC and DC transition 

pathways. 

 



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5 

122 

 

The PL spectra of the prepared ~10 nm HErO film were then recorded under the 

focused 980 nm laser excitation. Clear green (2H11/2 → 4I15/2, 2S3/2 → 4I15/2) and red (4F9/2 

→ 4I15/2) UC PL peaks can be observed in the visible range as shown in the upper 

spectrum of Figure 5.18. The PL emission spectrum recorded in the NIR region 

features a single broad peak ranging from 1450 nm to 1625 nm, originating from Er3+ 

4I13/2 → 4I15/2 transition of the DC PL pathway (lower of Figure 5.18). The PL studies 

evidence the installation of optical interactivity into HErO in both the visible and NIR 

regimes.  

 

Figure 5.18 The UC (upper) and DC (lower) PL spectrum of the 11-nm HErO under 

980 nm excitation. 

 

The excitation-power-dependent PL emission spectra were then recorded by both 

UC (Figure 5.19a) and DC (Figure 5.19b) under 980 nm excitation, showing the stable 

PL features. To further confirm whether the excitation mechanism involves single-

photon absorption or multi-photon UC, the logarithmic PL emission intensity was 

plotted against the logarithmic excitation power density, where the slope of the linear 

fit reveals the number of photons involved in the PL process.153 A slope close to 1 

indicates a linear single-photon process, whereas a slope near 2 suggests a two-photon 

UC mechanism involving sequential energy absorption. As plotted in Figure 5.19c, the 
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slopes of the 2H11/2 → 4I15/2 (I521), 2S3/2 → 4I15/2 (I534) and 4F9/2 → 4I15/2 (I650) were all 

close to 2 with clear linear relationship throughout various excitation powers, indicating 

the two-photon nature of the PL process. In sharp contrast, linear fitting of the DC 4I13/2 

→ 4I15/2 (I1534) series gives a smaller slope (1.28) close to 1, evidencing the distinct 

single-photon PL mechanisms. 

 

Figure 5.19 (a) Excitation-power-dependent UC PL and (b) Excitation-power-

dependent DC PL in HErO. (c) The plotted excitation-power-dependent PL intensity 

for investigating the photon conversion amounts in the PL process. 

 

The PL decay of the two PL processes is also investigated. Figure 5.20 shows the 

measured decay curve and corresponding fitting results of each peak. Although the Er 

f-f transition is both parity- and spin-forbidden, both the green and red UC emission of 

HErO exhibits fast PL decay with short lifetimes of ~300 μs (Figure 5.20a and b). The 

reason can be assigned to the evaluated PL quenching brought by high doping 

concentrations and small energy-level gaps.172 the UC lifetime reduction is attributed 

to the enhanced non-radiative decay at high doping concentrations in HErO (7 a.t.%). 

In addition, the energy gap among excited Er3+ energy states is relatively small. For 

instance, Figure 5.17b shows that the gap between 4S3/2, 2H11/2 is only 1000 cm-1. Such 
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small gaps facilitate an even stronger multi-phonon relaxation, especially in oxide hosts 

like HfO2 with relatively higher phonon energies than fluoride counterparts. 

Additionally, UC processes exhibit higher susceptibility to concentration quenching via 

cross-relaxation among neighboring Er3+ ions, which further shortens the measured PL 

decay lifetime. Conversely, the DC pathway at 1534 nm from 4I13/2 → 4I15/2 (Figure 

5.20c) involve lower-energy states with larger energy gaps (~6000 cm-1, as shown in 

Figure 5.17b), minimizing multi-phonon relaxation and allowing radiative transitions 

to dominate, resulting in longer lifetimes. 

 

Figure 5.20 PL decay and the corresponding fitting curve of (a) 2S3/2 → 4I15/2 (I534) and 

(b) 4F9/2 → 4I15/2 (I650) UC PL, as well as (c) 4I13/2 → 4I15/2 (I1534) DC PL under 980 nm 

excitation.  

 

In addition, the coordination-environment-sensitive Er luminescence can provide 

another instant verification to rule out the high-symmetry cubic and tetragonal HfO2 

phase from an optical perspective. The Er3+ 2H11/2 → 4I15/2 transition (the 525 nm green 

emission) is a hypersensitive transition in term of the surrounding chemical 

environments, while the intensity of 4F9/2 → 4I15/2 transition (the 660 nm red emission) 

is relatively stable against local symmetry variations. In that case, the symmetry order 



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 5 

125 

 

of different chemical environments can be compared by the green-to-red intensity ratios 

(Igreen/Ired) of the incorporated Er. For instance, Wang and co-workers reported the 

distinct Er luminescence variation between cubic ZrO2 with dominated Ired and 

monoclinic ZrO2 with greatly increased Igreen/Ired,173 thereby commensurate difference 

should be expected from HfO2 with analogous phase structures. Similarly, the Hf sites 

in Fm-3m cubic HfO2 are coordinated by 8 oxygen atoms, forming a perfectly 

symmetric [HfO8] cube; whereas the [HfO7] polyhedron in o-HfO2 and monoclinic 

HfO2 is rather highly distorted. The UC PL emission spectrum of the HErO target was 

then recorded (Figure 5.21a), which contains a majority of cubic phase and monoclinic 

phase (Figure 5.21b) from solid-state reaction, is taken as a reference. In Figure 5.21a, 

the Igreen of HErO film is clearly more intense than Ired, while the spectrum of HErO 

target shows a larger Ired than Igreen. The results suggest that Er has incorporated into 

crystalline sites with more asymmetric surroundings in the HErO thin film compared 

to the targets. Considering the comparable distortion indices (LD) and effective 

coordination number (ECN) of Hf in the o-phase (LD=0.024 Å, ECN = 6.70) and 

monoclinic (LD=0.028 Å, ECN = 6.62) lattices, the drastic difference in Igreen/Ired, rule 

out the possibility of the HErO film to be cubic phase (LD=0.00 Å, ECN = 8.00). 

Likewise, the less ambiguous tetragonal HfO2(011) plane at 2θ=~30o can also be ruled 

out because of its highly symmetric [HfO6] octahedral (LD=0.00053 Å, ECN = 6.00). 

Therefore, for the HErO system, the ambiguous HfO2 phase among the non-FE c-, m-, 

t-phase and the FE o-HfO2 can be well distinguished by combining the XRD and PL 

results as schematically illustrated in Figure 5.21c. 
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Figure 5.21 (a) XRD of the HErO targets. (b) UC PL spectrum of the HErO targets. (c) 

Schematic illustration of combining XRD and PL results for determining the phase 

composition of HErO. 

 

5.5 High-endurance ferroelectricity in HErO thin films 

The FE properties of HErO film were then validated by PFM. Using the 11-nm-

thick sample as a reference, standard PFM off-field hysteresis loops can be obtained as 

shown in Figure 5.22a, where the phase and amplitude loops coincide with a coercive 

voltage of ~5 V. The topographic AFM scan in Figure 5.22b shows a flat and smooth 

surface morphology of the as-deposited HErO thin film with a standard root-mean-

square roughness of ~220 pm. To further demonstrate the switchable nature of the 

polarization, PFM domain patterning experiments were performed by applying ±9 V 

bias to locally write out-of-plane polarization domains on the HErO film, as shown in 
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Figure 5.22c. The resulting PFM phase image displays a distinct 180° phase contrast 

between the oppositely poled regions (separated by red dot lines), which is confirmed 

by the line scan of the cyan line in the inset figure. This sharp phase reversal provides 

direct evidence for the reversible and stable FE domain switching in the HErO film at 

microscopic scale. 

 

Figure 5.22 (a) The microscopic hysteresis loop of the ~11-nm PLD-deposited HErO 

thin film. (b) The AFM image and (c) the phase image after PFM domain patterning of 

HErO, where the inset shows a line scan of phase contrast of the tagged cyan line. 

 

P-E experiments were carried out to evaluate the macroscopic FE properties of the 

HErO films. For these measurements, circular gold top electrodes with a radius of 37 

μm were deposited by E-beam deposition onto the film surface to define a metal-

ferroelectrics-metal (MFM) capacitor structure. The resulting P-E and I-E were shown 

in Figure 5.23a using the PUND measurements, where classic hysteresis loops can be 

viewed. As the applied electric field increases beyond the Ec (~4 MV/cm) the 

polarization eventually reaches the saturation level indicating that most switchable 

dipoles have all aligned to the biased direction. While polarization continues increasing 

upon further increasing electric filed strength, only dielectric displacement or leakage 

currents are contributed. Here, the PUND measurements can effectively wipe out the 
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components of leakage currents in polarization, giving a more reliable estimation of the 

FE properties. The 11-nm-thick HErO gives Pr value of ~21 μC/cm2, which is a modest 

value among other doped systems. The corresponding I-E curves display two distinct 

peaks around ±Ec that arise from the switching currents associated with domain reversal. 

Figure 5.23b presents the characteristic double‐peak capacitance-electric field (C-E) 

curves, which shows a dielectric constant of 37.5. The value is higher than those of the 

conventional HZO thin films. The slight asymmetry observed in both the P-E and C-E 

curves may be attributed to the Schottky barriers formed at the asymmetric LSMO 

bottom or Au/Ti top interfaces. Finally, Figure 5.23c gives the retention test of 

polarization states. It reveals that the polarization states can remain stable for an 

extrapolated duration exceeding ten years, demonstrating notably stable retention 

behaviors of non-volatile polarizations. 

 

Figure 5.23 FE properties of 11-nm-thick HErO (a) PUND P-E and I-E measurements. 

(b) C-E measurements. (c) Retention test with logarithmic fitting with extrapolated 10-

year expectation.  

 

The electrical wake-up effect and limited endurance remain significant challenges 

for FE HfO2. Here, FE endurance measurements were carried out to assess the 

switching stability of HErO. The results are shown in Figure 5.24a. No electrical wake-
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up phenomenon was observed because the high-quality, single-phase epitaxial HErO 

films do not require field-induced poling to induce the FE phase transition or to 

redistribute oxygen defects, which are crucial in polycrystalline HfO2 thin films.135 174 

More importantly, it shows minor degradation of FE properties (in terms of Pr) 

throughout the process of 1011 bipolar switching cycles at 1 MHz, which is among the 

best endurance properties of FE HfO2 reported to date. The corresponding P-V and I-V 

curves recorded at various cycles are plotted in Figure 5.24b and c, showing well‐

defined hysteresis loops persist even at the end of the endurance test. However, as 

shown in Figure 5.24b, starting at around 108 cycles the saturation polarization and Pr 

both begin to decline, and this decay accelerates with further cycling. In the meantime, 

in the I-E features (Figure 5.24c), the switching current peak location also graduate 

shifts with decreasing peak intensity and broadened fwhm. The reason can be assigned 

to the progressively acuminated and deteriorated charge pinning of VO
•• at the domain 

walls during repeated switching, which impedes the further domain reversal. The 

endurance test was performed under varied electric field strengths (7 and 8 MV/cm) 

and cycling frequencies (100 kHz and 10 MHz) based on the 11-nm-thick HErO thin 

films (Figure 5.25). All the measurements can confirm the high endurance performance 

of HErO thin films. 

 

Figure 5.24 Endurance test of 11-nm-thick HErO. (a) Fatigue tests of 1011 cycle at 

1MHz. (b) The P-V and (c) I-V tests during fatigue tests. 
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Figure 5.25 Endurance test at other parameters. (a) Fatigue tests at 7.5 MV/cm. (b) 

Fatigue tests at 7.5 MV/cm. (c) Fatigue tests at 10 MHz. (d) Fatigue tests at 100 kHz. 

 

As discussed previously, FE fatigue during endurance tests is majorly attributed 

to the VO generation and migrations upon electrical cycling. Therefore, careful XAS 

study was performed on 11-nm HErO to qualitatively compare the local structure 

variations during cycling caused by VO, which results in a change in the electronic 

structure. The CB of HfO2 sample consists of metal d states Hf 5d at the lower energy 

range and metal sp continuum states at the higher energy range. The O K-edge XAS 

reflects the DOS of these CB states convoluted with the hybridization strength. The 

XAS results show the metal d states were well separated in energy from the metal sp 

states for all HErO samples. Moreover, the XAS of sample cycling up to 1E8 shows 

good consistency with original state, demonstrating the robustness of the electronic 

structure during cycling. 
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The XAS splitting feature associated with the Hf eg state (i.e., peaks at 532.0 and 

532.9 eV) as well as the sub-bandgap absorption feature in the 1E10 sample are 

noteworthy. Recent studies have attributed both phenomena to the Jahn-Teller 

deformation of the octahedral oxygen cage surrounding the Hf ion in HfO2 nanocrystals 

or grain boundaries. This phenomenon indicates an irreversible twisting and destruction 

of the crystal structure have happened upon 1010 switching cycles, which may be the 

reason behind the Pr reduction and imprint as measured in the endurance tests. 

 

Figure 5.26 O K-edge XAS of pristine HErO and after 102 to 1010 switching cycles.  

 

Finally, the performance of FE HErO was benchmarked with other dopants 

according to the Pr value and endurance cycle (Figure 5.27). The criteria were set as 

75% retention of Pr, which is believed to be the critical threshold for maintaining device 

reliability.175 HErO demonstrates a highly competitive position among all reported FE 

doped HfO2 systems. Combined with its integrated optical reactivity, the coexistence 
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of robust FE and PL properties in the HErO system highlights its potential as a versatile 

multi-mode ultrathin platform for advanced applications. 

 

Figure 5.27 Benchmarking of HErO against other FE HfO2. 

 

5.6 Summary 

In conclusion, this research delve into the unexploited Er dopants with an 

intriguing two-way doping effect in HfO2. First-principles DFT simulations reveal the 

dual role undertaken by Er incorporation: the stabilization of robust ferroelectricity akin 

to the extensively studied FE HYO, and the emergence of localized Er 4f states within 

the wide bandgap of HErO. These 4f states facilitate abundant intra-configurational 

electronic transitions, setting HErO apart from other doped HfO2 systems. Therefore, 

the work establishes the theoretical two-way doping of Er in HfO2 with intrinsically 

incorporated Er PL properties and highly endurable FE. Subsequently, experimental 

validations were conducted based on PLD-grown epitaxial HErO/LSMO/STO thin 

films with high quality. Spectral analyses verify the successful incorporation of both 
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DC and UC PL properties within the FE HErO film, exhibiting both NIR and visible 

photoemissions under 980 nm excitation. Then the robust ferroelectricity was 

confirmed in the HErO systems within wide thickness ranging from 3 nm to 30 nm. In 

addition, notable endurance was found in the HErO to survive up to 1011 switching 

cycles without breakdown or FE failure. This work showcases the superposition of 

high-endurance FE and intrinsic PL properties in the epitaxial HErO thin films, offering 

a promising platform for developing future multi-mode devices at ultrathin levels. 
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Chapter 6 Conclusions and Future Prospects 

6.1 Conclusions  

The explosive growth of data across diverse media in the information age 

necessitates innovative approaches to information processing technologies and the 

development of multi-mode devices that extend beyond conventional electrical 

paradigms. Luminescence has long been utilized as a fundamental medium for 

information storage and display, whereas the potential in all-optical computing has yet 

been fully unleashed. Therefore, exploiting the dynamic properties of light offers 

significant potential for creating smart luminescent systems capable of sophisticated 

information processing. This thesis explored the uncharted region by engineering PL 

properties of smart nanocomposites to examine the potential of PL-based neuromorphic 

behaviors and the related information processing capability. The further scaling-down 

integration of PL into main-stream electronics like FE HfO2 is also studied. The main 

research of the thesis is summarized below. 

First, this work constructed the MHPe@MYE smart nanocomposites with light-

induced PL variation and dark recovery behaviors. Comparison studies and DFT 

simulation evidence the importance of interfacial interaction in the systems, unravelling 

the light-induced adaptive halogen migration as the core mechanism behind reversible 

and history-dependent PL property variations. This PL variation process mimics key 

synaptic functions, including PPF, LTM, and STP/LTP, as experimentally validated 

through programmed excitation pulses and spectral analyses over a wide excitation (365 

– 450 nm) and emission (470 – 520 nm) ranges, establishing the fundaments of PL-
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based neuromorphic behaviors. Leveraging these intrinsic neuromorphic PL dynamics, 

this work constructed a full PL-based physical reservoir computing platform where 

optical “Write” stimuli progressively modify the material state, while non-destructive 

“Read” operations probe the PL features. This system successfully processed temporal 

information, distinguishing 4-bit binary sequences through unique PL kinetic signatures, 

and achieved markedly high accuracy (94.4%) in UV recognition when integrated with 

software-based ANN, validating the feasibility of PL-based neuromorphic computing.  

Furthermore, this work explores the integration of PL functionality into FE HfO2 

systems by introducing Er as a dual-functional dopant. Theoretical simulations revealed 

that Er not only stabilizes the metastable FE o-phase with anchored VO migration near 

Er dopants, but also creates localized Er 4f states within the band gap that enabling UC 

and DC PL. Experimentally, HErO thin films (3-30 nm) grown by PLD results in high-

quality epitaxial HErO/LSMO/STO(001) thin films. PL measurements under 980 nm 

excitation reveal clear UC PL in the visible bands (2H11/2 → 4I15/2, 2S3/2 → 4I15/2, 4F9/2 

→ 4I15/2) alongside DC PL (4I13/2 → 4I15/2) at around 1530 nm, confirming the successful 

integration of PL into HErO at ultrathin level (~11 nm). In the meantime, the HErO thin 

films also exhibit robust ferroelectricity with Pr of ~21 µC/cm2 and notably high 

dielectric constant of 37.5. More importantly, the 11-mn HErO can sustain over 1011 

polarization switching cycles at 1 MHz without breakdown or failure of FE, 

significantly exceeding the typical endurance limits of other doped FE HfO2. The 

retention of polarization states can also be extracted to more than 10 years. Collectively, 

HErO represents a dual-mode ultrathin platform with both UC/DC PL and high-

endurance FE, potentially paving the way for advanced multifunctional devices 

information processing at the nanoscale. 



   THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 6 

136 

 

6.2 Future prospects 

It is important to note that the current PL-based neuromorphic behaviors as 

demonstrated in MHPe@MYE and PersL primarily emulate excitatory processes, 

which are fundamental to memory formation, reinforcement, and retention.176 In 

contrast, biological synapses also perform inhibitory functions, which are not yet fully 

replicated in these systems, including the non-volatile memory and inhibitory behaviors. 

Bidirectional optical modulation is rather technically challenging to achieve in the form 

PL responses. This can be largely due to the inherently unidirectional propagation of 

light, which makes PL-based inhibitory excitation necessitates further mechanical 

innovation. Drawing inspiration from advances in optoelectronic devices, recent studies 

have shown that heterostructure architectures can facilitate both excitatory and 

inhibitory modulations of the resistance states via optical stimuli.81,177,178 Additionally, 

other research has demonstrated the feasibility of implementing inhibitory behaviors 

through electrical or hybrid optical-electrical controls.115,179 Investigation and 

exploitation on the driving force of dark-recoverable halogen migration mechanisms in 

the present MHPe@MYE may also provide an alternative way of achieving controlled 

inhibitory pathway. These strategies offer valuable perspectives for expanding the 

neuromorphic capabilities and functionalities of the current reported “smart phosphor” 

systems, especially for the potential heterostructural materials engineering and the 

deliberate integration of secondary physical interfaces. 

The further translation of these promising demonstrations into practical PL-based 

computing platforms requires overcoming several key obstacles such as the immaturity 

of device architectures in PL-based neuromorphic systems, the underexplored phosphor 
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materials exhibiting neuromorphic functionalities, and the algorithmic innovations 

tailored for spectral PL processing. While major challenges persist in device 

architectures and algorithm developments, the compatibility of “smart phosphors” with 

existing phosphor-converted device architectures (e.g., fibers, glasses, displays, and 

lighting),180-182 suggests a viable pathway toward contact-less and visually interpretable 

neuromorphic computing.  

Alternatively, the incorporation of smart PL into existing platforms may be a more 

direct pathway to establish PL-integrated multi-mode and multifunctional devices. 

Based on the successful integration of UC and DC PL in FE HfO2 in this work, a deeper 

understanding of the interplay between FE polarization and PL tuning in HErO thin 

films will further facilitate the development of multifunctional devices at compatible 

and ultrathin-film level. This may represent a significant advancement over current 

approaches that primarily achieve multifunctionality at the device levels, where FE 

HfO2 serves predominantly as an electrical signal processor within complex 

architectures. Unraveling the connection between FE polarization and PL tuning can 

enable HErO to respond to a wider range of stimulus beyond electrical signals. This 

capability is crucial for designing highly integrated and miniaturized FE HfO2-based 

multifunctional devices, which can potentially contribute to an optical upgrade kit for 

the existing hardware based on FE HfO2.56,183 Similar scaling-down integration of PL 

into other functional layers of hardware can follow the same pathway. The simultaneous 

exploitation of electrical and optical information processing on a single ultrathin 

platform would represent an exciting direction for next-generation multimodal 

computing. 
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