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Abstract
Innovative Growth Techniques and Heterogeneous Structures for PbSe-Based MWIR Photodetectors
by
Lance McDowell
	Lead-chalcogenide semiconductor materials such as PbSe are an attractive class of narrow band-gap semiconductors due to their unique optical and electrical properties, finding their way into numerous mid-wave infrared (MWIR) optoelectronic and topological device applications. While PbSe is a mature material system with research efforts dating back almost a century, the full potential of its physical properties has yet to be realized in fabricated devices. Much of the difficulty lies in the unique bonding nature and crystal structure of PbSe films, which gives both advantageous MWIR optoelectrical properties along with a limited selection of suitable substrates for high-quality growth. Further, PbSe homojunction devices on dissimilar substrates face issues with doping, where diffusion of PbSe dopants through defect channels inhibit the formation of an abrupt junction resulting in degraded device performance. Further, p-n heterojunction formation with PbSe is difficult due to the small bandgap of PbSe, resulting in a shortlist of suitable materials with the corresponding band alignment to form a type-II heterojunction. Even for material systems that share a suitable band alignment, issues often arise with dissimilar crystallinity, lattice constant, and thermal expansion coefficient. The dissimilarity between these films introduces large stress/ strain relations at the interface, resulting in the formation of cracks or dislocations which ruin the interface and bulk electrical properties. For these reasons, PbSe-based MWIR devices have been surpassed by more competitive material systems such as II-VI HgCdTe, and Sb-based type-II superlattices. 
	In this work, new methods for improving PbSe film quality are explored, along with the growth and design of new heterogeneous structures and MWIR photodetectors which may improve the PbSe-based MWIR sensing platform. Presented here will be a new approach for creating heterogeneous material structures with PbSe by molecular beam epitaxy (MBE). Demonstration of a new heterogenous p-n junction structure between mismatched germanium substrates and epitaxial lead selenide thin-films will be introduced utilizing a vicinal growth surface. Extending from this, epitaxial PbSe films with enhanced surface morphology will also be demonstrated on vicinal silicon substrates, showcasing record low surface defect densities compared to traditional growth on nominal silicon. Regarding the former, germanium will also serve as an active layer in the formation of a p-n heterojunction structure due to its suitable type-II band alignment with PbSe. However, large differences in lattice constant and thermal expansion coefficient will need to be addressed to form such a structure. These challenges are tackled by optimizing the surface kinetics of PbSe adatoms through high-temperature surface treatment, along with utilizing misfit accommodation steps induced by the periodic atomic step edges from the high degree of vicinal miscut of the germanium growth surface. Further, different structures and device applications of PbSe-based material systems will be explored, including the growth of a new PbOSe complex oxide thin-film via oxygen-plasma assisted MBE deposition. Fabrication of a single phase (cubic) all-epitaxial n-CdSe/p-PbSe heterojunction structure with room temperature MWIR detection capabilities will also be presented, along with the fabrication of MWIR transparent contacts using cadmium oxide thin-films for enhanced photodetector device design.  The combined results of these efforts provide multiple avenues for the development of state-of-the-art MWIR PbSe-based photodetectors, enabling future commercial MWIR sensing capabilities with reduced size, weight, power consumption, and cost. 
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1. [bookmark: _Ref112065067][bookmark: _Toc112065335]Introduction to Lead Selenide
	Lead Selenide has experienced fluctuations in popularity over the decades as a viable candidate for MWIR photodetector applications operating at near room-temperature. The attraction is largely due to the high-performance potential of PbSe films resulting from its low Auger coefficient when compared to other state-of-the-art material systems such as mercury cadmium telluride (MCT) and Sb-based type-II superlattices (T2SL). However, a well-known obstacle in realizing the high-performance potential of PbSe films is reducing the Shockley-Read-Hall (SRH) contribution below that of Auger contributions to achieve an Auger limited detector for near room-temperature operation. This challenge has resulted in a massive effort by the scientific community over many years to solve this problem, with a variety of innovative techniques and tricks developed by various research groups in effort to enhance PbSe material quality. However, no clear method has shown the ability to consistently produce high-quality PbSe films operating close to its Auger limit. The strongest candidate to date is the sensitized chemical bath deposited (CBD) PbSe photoconductors, which in 2014, showcased a record breaking detectivity of 4.2×1010 Jones at room temperature. However, this promising detectivity is overshadowed by the inconsistent nature of these PbSe films, with large inhomogeneity in both film property and pixel performance. For this reason, innovations in high-quality epitaxial PbSe films are the next logical step in the evolution of PbSe-based optoelectronic devices, taking advantage of growth methods such as molecular beam epitaxy (MBE) to produce PbSe films with high uniformity and extreme surface smoothness. With these films, higher relationships in pixel-pixel performance can be achieved, along with the design of more complex device structures and high-quality interface formation, allowing for photovoltaic detector fabrication.
I. [bookmark: _Ref112065128]MATERIAL PROPERTY
This chapter is dedicated to the characterization of material properties relevant to heterogeneous material growth and PbSe-based MWIR photodetector devices. The materials discussed here represent a few chosen material systems that are found to be an attractive avenue for high-yield epitaxial PbSe films with the potential to grow various heterojunction device structures for MWIR sensing applications. The properties discussed here are designed to link possible growth mechanisms with controlled growth parameters to better exploit the high-performance potential of PbSe films when surface and bulk defect densities are sufficiently suppressed. These properties include crystal structure, lattice parameter, thermal expansion coefficient, and band alignment. Growth-related properties and defects will also be discussed such as 2D and 3D growth modes, misfit dislocations, and dislocation slip systems. 

II. [bookmark: _Ref112065140]LEAD SELENIDE AND ASSOCIATED GROWTH SURFACES
Structure and Properties of Lead Selenide
	Lead Selenide is an IV-VI compound semiconductor material which shares the PbX structure of other lead-chalcogenides such as PbS, PbTe, and SnTe. Lead-chalcogenides all share a face-centered cubic unit cell with a NaCl “rock salt” crystal structure. For PbSe, each lead atom is surrounded by 6 selenium atoms in the crystal, and each selenium atom is surrounded by 6 lead atoms, resulting in the coordination number of PbSe to be 6:6. This contrasts with most other semiconductors such as column IV, III-Vs, and II-VIs which have only 4 bonds per atom and four-fold coordination. The result of this is the formation of 90° angles between bond orbitals producing the iconic Pb-salt crystal structure as depicted in Figure 1.1.
[image: A picture containing diagram

Description automatically generated]
[bookmark: _Ref106377138][bookmark: _Ref103781651][bookmark: _Toc112017090][bookmark: _Toc112767557]Figure 1.1 PbSe Crystal Structure (Pb: blue Se: red)
 Interestingly, the bonding nature of lead and selenium atoms introduces some unique effects due to the small electronegativity difference between Pb atoms (2.23) and Se atoms (2.55). The small difference in electronegativity between these atoms does not allow for sufficient charge transfer to form an ionic solid like NaCl, despite the shared crystal structure. Instead, a type of metavalent bonding ensues, which describes the unique bonding nature of materials such as PbSe whose charge transfer between neighboring atoms cannot be fully described with the metallic, ionic, and covalent bonding schemes[1]. 
The band structure produced by the cation-anion interactions in PbSe results in a direct narrow bandgap material system, with a positive temperature coefficient which can be approximated by the following Preier’s equation [2]: 
[bookmark: Equation_1_1]……………. 1.1
Here, Eg(T) is the temperature dependent energy bandgap in meV, giving a room temperature bandgap for PbSe of 0.276 eV. The positive temperature coefficient of PbSe results in a shrinking of the bandgap at lower temperatures, resulting in a red shift of the optical absorption band. This effect has been observed in real world devices, with radiometric measurements of PbSe based photodetectors showing the cut-off and peak optical absorption red shifted to longer wavelengths at lower operating temperatures[3].

Nucleation
	Understanding the nature in which epitaxial growth occurs and the forces governing crystal formation is vital to producing high-quality epitaxial films. The initial stage of crystal growth is known as nucleation, where a small number of atoms incident on a substrate (adatoms) arrange themselves forming a crystalline solid. The nucleation process is perhaps the most crucial step in crystal growth, as it sets the foundation for subsequent deposited layers. There are many factors that influence the nucleation process ranging from substrate and material selection to growth environment conditions. However, the initial deposition can be simplified by considering that adatoms only have two possible outcomes when incorporating into the film. First, adatoms incident on the substrate can interact with another adatom (nucleation) forming an island or growth site. Second, adatoms can interact with an already formed island contributing to layer growth. The competition between nucleation (island formation), and layer growth, are heavily dependent on the adatom diffusion coefficient along the growth surface. Since this work seeks to investigate methods for optimizing control of deposited films, it is beneficial to write equations expressing these outcomes to better understand island formation. The rate that adatoms interact with either an island or another adatom can be expressed by the following equation,
[bookmark: Equation_1_2]  …………. 1.2
Where  is the number of adatoms per unit area, R is the deposition rate,  is the adatom lifetime,  is the adatom-to-adatom collision rate, and,  is the adatom to island collision rate. The average area occupied by an adatom or island is  and  respectively, where N is the number of islands per unit area. 
In an adatom’s lifetime, it will visit a number of potential interaction sites before finally interacting with one. The number of sites visited is dependent on its diffusion coefficient and is related by the following equation,
[bookmark: Equation_1_3] ………….. 1.3
Where   is the number of sites visited per unit time, and D is the surface diffusion coefficient.
The probability of adatom-to-adatom interaction is then expressed as,
[bookmark: Equation_1_4] …………. 1.4
and an adatom interacting with an existing island can be expressed as,
[bookmark: Equation_1_5] …………. 1.5
After some substitutions, the final relationship for island density formation can be expressed as,
[bookmark: Equation_1_6] ………………… 1.6
This result shows that island density is largely dependent on deposition rate and surface diffusion. To reduce island density resulting in larger grain growth or to encourage two-dimensional growth, the deposition rate should be sufficiently low so adatoms have time to find and interact with existing islands before encountering another adatom. Subsequently, enhanced surface mobility from increasing D allows for adatoms to find and interact with potential growth sites within a shorter amount of time, promoting layer growth over island formation. 
Growth Modes
	Although equation 1.6 gives some insight into the initial nucleation process, a more detailed investigation of the growth process requires analysis of the substrate-film interaction energies. In this model, there are three terms of interest, , , and , which describe the surface energy of the substrate, film, and the interfacial energy between them respectively. The relationship between these three energies will determine the growth mode of the film on the substrate, as well as influence subsequent deposition layers [4]. The three fundamental growth modes resulting from these energies are detailed below.
Frank-Van der Merwe mode: Layer-by-layer growth

[image: Diagram

Description automatically generated with medium confidence]
[bookmark: _Toc112017091][bookmark: _Toc112767558]Figure 1.2 Schematic drawing of Frank-Van der Merwe growth mode.
When the surface energy of the substrate is greater than the deposited film and interface energy, adatoms can easily diffuse across the surface (wetting) and form a relatively uniform layer. This mode is most characterized by single crystalline growth, as interface energies between film and substrate are relatively low due to either careful substrate selection or control of growth parameters. However, as is often the case in polycrystalline film deposition, substrates with increased lattice mismatch or difference in thermal expansion coefficient may induce larger interface energies during deposition, resulting in the following growth mode.  
Vollmer-Weber mode: island growth

[image: A picture containing whiteboard
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[bookmark: _Toc112017092][bookmark: _Toc112767559]Figure 1.3 Schematic drawing of Vollmer-Weber growth mode.
When film and interfacial energies exceed the substrate surface energy, adatom surface diffusion becomes weaker, resulting in non-wetting of the surface contributing to island growth. Although islands may coalesce as growth continues, neighboring islands with differing orientations may instead form interfaces between them leading to grain growth.  
Stranski-Krastanov (SK) mode: transition growth
Initially:    nsition growth
 (SK) mode: transition growth below.
ractions effect electrical properties of of the bulk film, and provide chSubsequently: [image: A picture containing shape
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[bookmark: _Toc112017093][bookmark: _Toc112767560]Figure 1.4 Schematic drawing of Stranski-Krastanov growth mode.
SK mode is interesting because it involves a change in the balance of forces during the initial deposition. For example, while the initial energy relations may favor layer-by-layer growth, strain effects from lattice mismatch or thermal expansion can shift the growth mode due to increased interfacial energy. This is often found to be the case in polycrystalline films, where substrate and deposited films are different regarding their structural properties. 
Interface Energy
	Due to the nature of this work, interfacial energy becomes exceedingly important to understand as it plays a major role in dictating the mechanism of growth. One of the advantages of polycrystalline films is their ability to grow on a wider variety of substrates with differing properties. Single crystal films however, are limited to a smaller selection of viable substrates due to the induced strain from their mismatch, causing a reduction in material quality and therefore device performance. To better understand interfacial energies, it is important to distinguish the energy contributions that make up the total interface energy. First, we have the energy due to the atoms in the film on the substrate , where j is the jth atom in the λth film layer. Next, we have the energy due to atoms in the substrate under the film , where j is the jth atom in the βth substrate layer. Then we have the energy due to atoms in the pure film layer , where  is the lattice constant of the substrate. Lastly, we have the energy contribution from the atoms in the substrate . It is important to note that the energy contributions of two separate surfaces related to the bulk system is expressed as,
[bookmark: Equation_1_7] ……. 1.7
Where A is the total combined surface area from each separate surface. The total interface energy given by the contribution of each system described above results in the expression [4],
[bookmark: Equation_1_8] … 1.8
Where  and  are the number of layers in the film and substrate respectively, and  and  are the number of atoms in each of the λth and βth layers respectively. Equation 1.8 gives useful insight into the dynamics of interfacial energies during growth. We can observe that as film thickness increases, the coupling between newly deposited atomic layers and the substrate surface becomes weaker. Eventually, newly deposited layers are simply growing on similar surface material, and . The second term also experiences a similar change, where deeper substrate atoms no longer interact with atoms in the newly deposited layer, and . Therefore, continued growth of crystalline films will see a drop in interfacial energy as the film thickness increases.

Defects in PbSe
	The IV-VI rocksalt family has an emergent property associated with their unique atomic bonding nature, giving rise to a form of “defect tolerance.” This tolerance has been a large factor in lead selenide’s popularity, as its relatively large static dielectric constant (ϵPbSe = 210 at RT) results in the screening of defects through lattice distortion in response to charged point defects and can therefore maintain high carrier mobilities even at relatively high doping concentrations [5]. Figure 5 depicts the relationship between carrier mobility and conductivity versus doping concentration in PbTe epitaxial films for different temperatures [6]. 
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[bookmark: _Toc112017094][bookmark: _Toc112767561]Figure 1.5 Hall mobility (a) and conductivity (b) of PbTe films as a function of carrier concentration. [6]
While the promise of lead selenide’s robustness to high defect densities in the lattice are encouraging, challenges remain regarding the growth of epitaxial PbSe films on suitable substrates for low-cost and competitive MWIR optoelectronic device applications. Here, misfit dislocations, growth pits, and anti-phase defects become of particular interest regarding the growth of epitaxial films on foreign substrates. 

[image: ]
[bookmark: _Toc112017095][bookmark: _Toc112767562]Figure 1.6 Defect Slip System for PbSe: The primary slip system for PbSe is along {001} <110>, which results in a negligible Schmid factor for PbSe(001) thin films.
[bookmark: _Hlk111119350]The IV−VI rocksalt family faces challenges regarding growth orientation due to the nature of their active defect slip planes. IV−VI rock salt structure materials like PbSe have a primary slip system along {001} <110>, resulting in the preferential dislocation gliding along the {001} plane. The result this slip system provides a condition for accumulated dislocations in PbSe films grown in the (100) orientation to feel no resolved shear stress from in-plain strain, locking dislocations in place. The relative amount of shear stress from in-plain strain for different orientations is typically related by their Schimd factor.
………1.9
Where m is the Schmid factor, and  and  are the angles between the slip plane and the normal and glide direction angles of the film respectively. The resolved shear stress is then related simply by the following equation,
……….1.10
Where,  is the resolved shear stress, m is the Schmid factor, and  is the stress being applied to the material. For PbSe(001) thin films, the {001} <110> active slip plane results in a zero Schmid factor, while PbSe(111) thin films yield a Schmid factor of 0.41. This handicap for PbSe films grown in the (100) orientation is often avoided by simply utilizing (111) orientated substrates. With this knowledge, researchers are able to exploit PbSe’s native slip plane, where PbSe(111) films defects can be reduced by encouraging lateral diffusion and eventual annihilation through post-growth treatment process such as temperature-cycling. 

Comparison of PbSe, Si, and Ge
	Compared with popular substrate materials like silicon and germanium, PbSe is fortunate in that it shares a base cubic crystal structure with these materials. However, this is where their similarities end. Large mismatch in lattice constant and thermal expansion coefficient yields high stresses in deposited films, leading to the formation of cracks and defects. Table 1.1 provides the relevant material parameters of CaF2, Si, and Ge in reference to PbSe.
	Material
	Lattice Constant (Å)
	α at 300K (10-6 K-1)
	Band Gap (eV)

	PbSe
	6.126
	19.4
	0.278

	CaF2
	5.464
	19.1
	11.6

	Si
	5.431
	2.6
	1.17

	Ge
	5.658
	5.9
	0.67


[bookmark: _Ref106109293]Table 1.1 Lattice constant, thermal expansion coefficient, and energy bandgap at 300K.

It is quickly noted from the above table that such a high mismatch in lattice constant and thermal expansion coefficient between PbSe and Si would result in low quality epitaxial films, inhibiting high-performance electronic devices. This effect has been experimentally observed early on in the study of PbSe growth. For this reason, buffer layers were sought out which could help mitigate the stresses induced by such a mismatch. Looking at Table 1.1, we observe that CaF2 is closely lattice matched with Si while sharing a similar thermal expansion coefficient with PbSe. Over the years, epitaxial PbSe films have been deposited on thin CaF2 buffer layers on silicon substrates with some success. The relaxation of mismatch of this buffer layer has produced PbSe films on Si with much lower defect densities, bringing it down from 109 cm-2 to high 106 cm-2. While CaF2 buffer layers have shown marked improvement in epitaxial PbSe films on Si, the Shockley-Read-Hall contributions from defect densities in this range are still too high to compete with other state-of-the-art infrared material systems. 

III. [bookmark: _Ref112065171]LEAD SELENIDE GROWTH
History of Lead Selenide Growth
	The history of Lead Selenide growth dates back longer than most would expect. Early on in the 20th century, researchers were intrigued by the unique properties of lead-chalcogenides, including PbSe, noting observations of a high photoconductive effect observed in these films. Upon further investigation, the notably high dielectric constant, narrow direct-bandgap, and opto-electronic properties of PbSe pushed researchers to study the film’s growth and material characteristics for use in MWIR optoelectronic device applications. Very quickly however, researchers discovered that scalable homoepitaxy of high-quality PbSe films on PbSe substrates would not be achievable. This is due to the poor stability and mechanical properties of PbSe when compared to more robust material systems such as silicon. Compared to silicon, PbSe is extremely soft. Even picking up a PbSe wafer or film with soft tweezers can damage the PbSe crystal structure, introducing a large number of defects or cracks. In the case of large area PbSe wafers, the wafer itself will break under its own weight when handled. For this reason, researchers have been forced to pursue other potential avenues of high-yield PbSe film growth. For decades, researchers have had to rely on either polycrystalline PbSe film growth on severely mismatched or poly/ amorphous substrates, or try to find ways to overcome the mismatch and high defect generation associated with PbSe heteroepitaxy. Regarding the later, extensive efforts have been made to find solutions for growing high-quality PbSe films on industry scalable substrate materials such as silicon or various III-Vs. The most common solution used in heteroepitaxy of PbSe films on Si substrates is the implementation of a fluoride buffer layer such as CaF2 or BaF2. For example, researchers noted that CaF2 could reduce the strain effects of the mismatch between PbSe and Si by acting as a buffer layer, reducing the 12.1% lattice mismatch between PbSe and Si to <1% for CaF2 and Si. Further, calcium fluoride’s thermal expansion coefficient is much closer to lead selenide, with a mismatch of only 1.5% as observed in Table 1.1. 

Recent Progress of PbSe	
	More recently, efforts have been made to expand the list of suitable substrates for the epitaxial growth of PbSe to include III−V materials such as GaAs, GaSb, and InAs [7]–[9]. While there has been promising success on these substrates, each material system comes with its own design hurdles, such as small critical thickness, high defect densities, and substrate orientation selection due to the nature of lead selenide’s defect slip plane. 
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[bookmark: _Ref111547256][bookmark: _Toc112017096][bookmark: _Toc112767563]Figure 1.7 PbSe nucleation behavior on III-V GaSb substrate: a) RHEED pattern for PbSe nucleation at substrate temperatures >330°C, b) RHEED pattern for PbSe nucleation below 300°C, and c) & d) SEM investigation of mis-oriented nucleated PbSe grains above 330°C and below 300°C respectively.[8]
Figure 1.7 provides a direct visualization of the challenges PbSe faces when growing epitaxial films directly on foreign substrates. Interfacial stresses impede the formation of highly oriented nuclei, giving rise to varying oriented nucleation of 3D islands. While accumulated deposition beyond the initial nucleation layer may result in a bulk single crystal film, the presence of some these mis-oriented islands at the interface promote potential defect centers, potentially contributing to the introduction of growth pits and anti-phase defects often observed on the surface of epitaxial PbSe films.   
	Regarding PbSe growth on poly/ amorphous substrates, polycrystalline PbSe films have shown great promise in recent years due to the application of a “photosensitization” process. This process involves a post-growth annealing treatment of PbSe films, typically involving oxygen, iodine, or some combination of the two. Under certain conditions, researchers have found the background carrier concentration of sensitized films to be drastically reduced, lowering the dark current density of PbSe-based photodetectors by multiple orders of magnitude.
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[bookmark: _Ref111563206][bookmark: _Toc112017097][bookmark: _Toc112767564]Figure 1.8 Top-and side (inset)-view SEM images of: as-grown (a) and sensitized PbSe annealed at 380 °C in (b) pure nitrogen for 30 min, (c) 20-min nitrogen followed by 10-min oxygen, (d) 25-min nitrogen followed by 5-min iodine, (e) pure oxygen for 30 min, and (f) 25-min oxygen followed by 5-min iodine.[10]
While MWIR photoconductive detectors using this technology have reported astounding room temperature detectivities values, the 1/f noise and pixel performance uniformity is still a major challenge limiting their progression. Figure 1.8 depicts the morphology of polycrystalline PbSe films before and after various post-growth treatment conditions, where only samples V and VI observed strong detector performance. However, both samples display nonuniform film properties with large varying degrees of pixel performance. Due to the inhomogeneous nature of the current PbSe PC detector design, special readout integrated circuits (ROIC) are required to extract the relative signal intensity from each pixel to form a MWIR imaging camera, where each new detector array requires its own ROIC calibration and relative signal intensity correction to form an accurate image. Efforts to produce consistent pixel performance levels using finely controlled experimental conditions have proven to be extremely challenging, keeping the overall cost and power consumption of the PbSe-based PC detector technology higher than desired. 
	The missing link in PbSe technology development now is the ability to fabricate a low defect density film with high yield. Various methods for achieving this include designing techniques to passivate or “sensitize” epitaxial PbSe films similar to the methods used in CBD grown poly-PbSe films, or innovative methodologies for growing low defect density epitaxial PbSe thin-films on foreign/ mismatched substrates to begin utilizing lead selenide’s true potential for higher operating temperature MWIR photodetector applications. Researchers are still investigating new methods for improving both the polycrystalline and epitaxial PbSe film technologies, with efforts towards more reproducible and stable sensitization conditions for poly-PbSe films, inclusion of oxygen and iodine atoms in PbSe epitaxial films, and enhanced growth methods and control schemes for improving epitaxial film quality on mismatched substrates. 


2. [bookmark: _Ref112065194][bookmark: _Toc112065336][bookmark: _Ref112066724]Experimental Methods
I. [bookmark: _Ref112065211]INTRODUCTION
	This chapter is dedicated to the numerous experimental equipment and procedures involved in material growth, characterization, and device fabrication. In the following sections, I intend to provide a useful overview regarding the working principles behind the growth, characterization, and fabrication of MWIR PbSe-based optoelectronic devices. Due to the large number of experiments and efforts it takes to develop either a new material, material structure, or device in this work, I will focus more on establishing the core principles relevant to the techniques employed here rather than providing a full breakdown of the complex theory and mathematical equations that fully describe each process. Regarding thin film growth, although other physical vapor deposition techniques are routinely used, the main focus of this body of works will revolve around molecular beam epitaxy. Material characterization, device processing/ fabrication, and device characterization techniques will also be discussed with a focus on visualization for better understanding of working principles, which may also act as an introduction of the processing flow in which optoelectronic devices are fabricated for future students. This chapter is important to me, as early in my research career I was fortunate enough to learn everything from material growth, characterization, processing, and device testing from veteran members in our group who have since moved on to other stages in their career. I hope the information provided here will help give readers a broad understanding of the processes and techniques used in developing thin film materials, structures, and devices, while also finding usefulness for the next generation of students so they can positively impact the research and development efforts here at OU.

II. [bookmark: _Ref112066773]MOLECULAR BEAM EPITAXY
Introduction to the MBE system
	Molecular beam epitaxy is a complex ultra-high vacuum deposition system that provides extreme precision and control of adatom nucleation and bulk growth on various substrate surfaces and film interfaces. In recent years, MBE growth has begun to find its way into practical industry applications, no longer serving as a purely research-oriented growth system. This is due in large part to the advancements made in both our understanding and fabrication of complex material structures and devices, and the design of material properties which cannot be replicated by any other deposition technique. 
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[bookmark: _Ref106102102][bookmark: _Toc112017098][bookmark: _Toc112767565]Figure 2.1 Custom MBE System for IV-VI deposition.
When operating complex vacuum systems such as the MBE, it is crucial to understand the various aspects that dictate its proper function. For this reason, the nickname “Most Broken Equipment” has been used for MBE to describe the numerous ways in which something can go wrong. Figure 2.1 showcases the custom MBE system used in our experiments. The large chamber on the left is the main chamber for IV-VI growth and contains 7 effusion cells and one custom oxygen plasma source. The chamber on the right is used for thermal cleaning and deposition of fluoride buffer layers such as calcium fluoride. The two growth chambers are connected via the buffer chamber, with a separate loading chamber located above isolated by a gate valve. This custom MBE system allows for the growth of separate crystalline materials in an ultra-high vacuum environment without concern of cross-contamination or needing to break vacuum at any time. This is exceedingly important when dealing with common IV-VI materials such as PbSe, as elements like Se can easily contaminate neighboring effusion sources, requiring a multiple growth chamber set-up as depicted in Figure 2.1

Molecular Flux
	Unlike other epitaxial growth methods such as the various chemical vapor deposition techniques, MBE utilizes a molecular flux generated from its effusion cells in a solid-vapor-solid deposition process without the use of extraneous chemical precursors. While some reactions may be used in MBE before epitaxy begins, such as a selenium cracker when performing co-deposition, the only precursors involved in MBE growth are those that will be directly incorporated into the desired crystalline film. However, this is not to say that the majority of the species will actually be deposited and add to the growth of the film. For instance, it is common practice when growing GaAs to supply a non-stoichiometric ratio of gallium and arsenic flux to achieve high-quality films. This is due to the large difference in vapor pressure of gallium and arsenic, where the higher volatility of arsenic requires a much higher molecular flux during growth to achieve a GaAs film with the right composition. For growth of III-Vs, the molecular flux ratio of V:III sources can be higher than 5, which in the case of GaAs for example, results in growth rates limited by the molecular flux of gallium adatoms. It is important to note however, that while most of the atomic species may not find its way into the film, every adatom evaporated from the effusion cells has the potential to contribute to film growth. Taking this understanding further, the goal of any researcher is then to find how the change of each growth parameter impacts the statistical probability in which these adatoms either scatter, nucleate, interact, or desorb from the growth surface.  
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[bookmark: _Ref110174553][bookmark: _Toc112017099][bookmark: _Toc112767566]Figure 2.2 MBE Effusion Cell: Schematic for a standard MBE effusion cell with the source material housed in the crucible, surrounded by the heater foil and radiation shield. Water cooling is utilized for high temperature effusion to discourage thermal transfer to neighboring effusion cells. 
As pictured in Figure 2.2, the solid source material sits inside the crucible, which is surrounded by a heating element to generate the molecular flux. While the mechanism behind the generation of molecular flux is relatively simple, this process remains the first stage of control researchers have for controlling growth behavior. In generating molecular flux, understanding the resulting molecular species is important for controlling growth characteristics. For example, compound materials such as PbSe can be deposited by either using a single compound PbSe source material, or by co-evaporating Pb and Se with independent effusion cells. For the case of compound PbSe source material, the compositional makeup of the molecular flux may not be entirely consistent throughout the beam flux. For instance, when heating the crucible, compound PbSe can be evaporated, or can be decomposed into elemental Pb and Se components, or even compound molecules such as Se2, PbSe2, Pb2Se2, and Pb2Se3. Further, the higher rate of evaporation of Se causes the compound PbSe source material composition to trend towards a more Pb-rich composition after every growth. Regarding the former, the majority of the molecular flux is dominated by the Pb1Se1 species, however, the presence of these other contributions shouldn’t be ignored, as they can directly impact the material quality of the deposited film. This effect has been directly observed in compound PbSe MBE growth, where a Pb-rich PbSe source produces Pb droplets or bunches imbedded in the bulk PbSe film, negatively impacting its electrical properties. Further, the insufficient presence of Se results in a high number of vacancy defects in the PbSe films, further impacting the material quality. For this reason, MBE grown PbSe films in this work will be deposited using a co-evaporation of compound PbSe and Se sources to balance the stoichiometry and avoid these occurrences. 

Achieving Ultra-High Vacuum
	In order to achieve ultra-high vacuum conditions, our system utilizes a three-stage pumping system. The first stage of our pumping process utilizes an Edwards XDS 35i dry scroll pump, which pumps the system from atmosphere down to 10-3 Torr. Once a high enough vacuum is achieved, the second stage of our pumping process begins using a Shimadzu Mag-Lev Turbomolecular pump to achieve a vacuum level around 10-7 Torr while backed by the Edwards XDS. Finally, a Gamma Vacuum Titan Ion Pump is used to achieve ultra-high vacuum pressures of 10-11 Torr. When pumping the entire chamber from atmosphere, it is necessary to heat the walls of the chamber to encourage desorption of water and other organic and inorganic contaminants found in air. The chamber is heated by wrapping the system with heating belts, while tin foil is used to uniformly transfer heat across the system as to not invoke stress on fragile areas due to thermal expansion. This process can be observed in Figure 2.1, where the system is currently encased with tin foil after having performed maintenance on one of the substrate heaters and refilling of source materials. During this time, the MBE system is at its most vulnerable, with numerous ways in which the system may be susceptible to leaks. For this reason, an EXtorr mass spectrometer inside the MBE is connected to a computer equipped with Vacuum Plus software to monitor levels of relevant elements and compounds such as H2O, O2, and N2. 
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[bookmark: _Toc112017100][bookmark: _Toc112767567]Figure 2.3 Mass spectrum analysis using the Vacuum Plus monitoring software in conjunction with the EXtorr mass spectrometer: Mass sweep indicating partial pressure contributions from H2O, N2, and O2. 
The mass spectrometer, combined with constant vacuum monitoring, provides a clear view of the MBE vacuum environment. When a large leak is present, obvious barriers are observed in vacuum level and can usually be discovered and easily corrected. However, smaller leaks below 10-8 Torr can be more difficult to diagnose without directly monitoring the relative mass ratio of contributing compounds inside the MBE chamber. For example, the ratio of N2 to O2 in air is around 4:1, but the pumping rate of O2 and N2 has a non-linear relationship. This allows for easy leak detection via mass spectrometer analysis. Further, isolation of chambers can help identify leak sources, with the help of noble gasses not commonly found in the system such as He. Purposely introducing the outside of the MBE to helium can be a useful technique, where the mass spectrometer detects helium inside the chamber as it leaks in from the outside. 

MBE influence on growth dynamics
	Epitaxial growth by MBE is a process in which adatoms evaporated from the effusion cells organize into a crystal structure influenced by the crystalline interface or substrate in which they are deposited on. The behavior of adatoms is dictated by thermodynamics, in which the MBE system, adatom, and interface all contribute to the resulting bulk crystal formation. For heteroepitaxy, in which the substrate and film contain different elemental composition, changes in adatom dynamics and resulting crystal growth are extremely sensitive to MBE growth parameters. This is due to the relatively small thermodynamic window in which certain atoms can interact favorably with another to allow for uninterrupted crystal formation. 
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Description automatically generated] Figure 2.4 Impact of growth rate and temperature on adatom formation: At higher growth rates, more thermal energy is needed to encourage adatom diffusion to achieve 2D growth over 3D island formation. Beyond a critical temperature, thermal energy exceeds the desorption condition of the adatom species resulting in poor quality films.
Molecular flux, partial pressures, and substrate temperature all contribute to the total thermodynamic and kinetic processes in which adatoms either drift, interact, bond, or desorb on the growth surface. Finding the right conditions for optimized epitaxial growth is different for every combination of film and substrate. While physical models exist to help guide researchers, extensive experimental effort is needed to realize high-quality heteroepitaxial growth. Understanding the kinetics and behavior of the growth process combined with in-depth material characterization methods are key to pushing state-of-the-art epitaxial growth and related structures. For this reason, the statistical and thermodynamic interactions of adatoms and surface-film properties were reviewed in chapter 1 in hopes of aiding the reader in understanding how one might control epitaxial film growth after learning the ways in which the MBE system can influence the growth environment.  
Reflection high energy electron diffraction (RHEED)
	One of the best tools at our disposal for optimizing and controlling high-quality epitaxial growth is the in-situ observation of reflection high-energy electron diffraction (RHEED) patterns produced by the growth surface in MBE. For our experiments, a 14 kV electron beam is directed at the growth surface at a glancing angle <10°. The diffracted pattern resulting from the growth surface is then observed as it impinges on a phosphor screen, where characteristics of the RHEED pattern and its evolution in time provide intimate detail of the crystal growth. 
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[bookmark: _Ref106879921][bookmark: _Toc112017102][bookmark: _Toc112767569]Figure 2.5 RHEED image formation: schematic diagram of incident electron beam, beam-sample interaction, cross-section of reciprocal rods and Ewald’s sphere, and diffraction pattern on phosphor observation screen.
When the incident beam impinges on the growth surface, diffraction occurs, wherein an image can be observed and is described by the intersection of the reciprocal rods of the reciprocal lattice planes and the Ewald sphere as depicted in Figure 2.5. The Ewald sphere represents the image condition, or the allowed diffraction conditions in which reciprocal rods that both intersect with it and satisfy Bragg’s condition strongly diffract and can be observed. The magnitude of the Ewald sphere for a given RHEED set up is given by 1/λ. The significance of this, is that the resulting RHEED pattern observed on the phosphor screen directly describes the surface conditions regarding surface atoms and adatom arrangement, revealing the presence of surface reconstruction, lattice distortion, orientation, and surface roughness. Monitoring the evolution of RHEED patterns during growth and comparing their characteristics across varying growth conditions allows for a direct feedback loop in which optimization of the crystal growth can be obtained. 
[image: ]
[bookmark: _Ref110179066][bookmark: _Toc112017103][bookmark: _Toc112767570]Figure 2.6 RHEED pattern interpretation from crystal surface: a) Real RHEED pattern from PbSe nucleation surface, b) real RHEED pattern for bulk PbSe film growth, c) RHEED diagram of atomically smooth surface, and d) RHEED diagram of 3D island growth dominated surface.
From the example RHEED images in Figure 2.6, the difference in the constructed image from the diffraction on the growth surface shows a stark contrast between Frank-Van der Merwe and Vollmer-Weber growth mode. Further, the transition point from 3D to 2D growth suggest a change in the balance of energies resulting in a Stranski-Krastanov growth mode. This means that initially, the nucleation of PbSe adatoms on the substrate surface were dominated by high Pb and Se binding energies, resulting in low surface diffusion on the substrate. As the growth continued, overgrowth of PbSe formed a new growth surface in which the surface energy begins to dominate, allowing for enhanced surface diffusion transitioning into 2D layer-by-layer growth.  

III. [bookmark: _Ref112066804]MICROSCOPY
Introduction to Microscopy
	Microscopy techniques such as electron microscopy and scanning probe microscopy are essential characterization tools allowing scientists to directly observe and analyze a film’s morphology and characteristics. The value of these techniques extends into a wide range of qualitative and quantitative information gathering regarding film thickness, surface roughness, grain structure and orientation, interface characteristics, defect structure, and elemental composition. For electron microscopy, the ability to resolve high resolution images of the sample is owed to the nature of the emitted electron’s waveform, which for even 10kV emission, can reach much smaller wavelengths than even ultraviolet optical microscopes. However, due to the inherent charge of an electron, coulombic effects need to be considered when imaging a sample. Besides the need for a more complex lensing column, utilizing magnetic lenses rather than optical lenses to shape the electron beam, consideration of the resolved surface is necessary to avoid charging effects and coulombic repulsion of the incident electron beam. Further, electron microscopy must be performed in a high-vacuum environment in order to avoid charging effects between the environment and sample, resulting in an attractive force between unwanted impurities such as dust particles and the sample surface. All things considered, electron microscopy has shown itself to be an extremely powerful tool when utilized in the right conditions, producing direct visual images of a crystal’s surface and bulk morphology down to even sub-nanometer scale. 
	In contrast, scanning probe microscopy techniques, such as atomic force microscopy, utilize a very different methodology for resolving a sample’s surface features. Here, force measurements are taken by directly observing the force interactions between a physical probe and a sample’s surface. By directly measuring the changes in the probe tip as it interacts with different areas of the sample’s surface, a three-dimensional topographical map can be produced, providing a quantitative image of a sample’s surface morphology, along with other information such as a sample’s mechanical properties, and even spatially resolved electronic behavior. To achieve this, AFM measurements are performed in different modes of operation, depending on the desired quantitative features scientists wish to observe. In effect, AFM measurements are not beholden to the same restrictions as optical and electron microscopy techniques, which are both subject to aberration and diffraction of the photon/ electron’s waveform, along with the need for vacuum conditions to provide a clear path for the incident beam in the case of electron microscopy. 
Scanning Electron Microscopy
	Scanning electron microscopy (SEM) is the most commonly used electron imaging technique, utilizing a high-energy focused electron beam to excite the sample surface as it scans over a defined area. This technique is regularly used to observe both surface and cross-sectional features, providing a visual image of the topography and morphological features of a sample, along with orientation, defect identification, and even chemical composition. The image formed by SEM observations is the result of elastic and inelastic electron-sample interactions.
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[bookmark: _Ref108964174][bookmark: _Toc112017104][bookmark: _Toc112767571]Figure 2.7 Schematic of scanning electron microscopy: a) electron emission and detector geometries of secondary and backscattered electrons, and b) electron-sample interaction volume. 
 For inelastic interactions, some of the energy from the high kinetic energy incident electrons are transferred to the sample, resulting in the emission of secondary electrons. These secondary electrons are ejected from the sample with much lower energies than the incident electrons, usually on the order of 30-70eV. A detector is then used close to the sample surface with a positively charged collector to attract these secondary electrons. The number of secondary electrons collected by this detector as the incident beam scans across the sample surface provides a direct relationship of “contrast” or “reflection” of the interaction site relative to the preceding and subsequent exposed areas. Over a defined area, the raster and collection of the incident electron beam and secondary electron emission respectively, builds an image for the observer on a scale much smaller than can be achieved by optical microscopy methods. Further, the time between electron-sample interaction and secondary electron emission occurs on the order of only a few femtoseconds, while the dwell time at each site typically ranges from only a few nanoseconds to tens of microseconds. This means that these time-resolved SEM images can be produced relatively quickly, while maintaining extremely high resolutions. Besides secondary electrons, there also exist “reflection” or “backscattered” electrons, which are the result of elastic electron-sample interactions rather than inelastic. As a result, these backscattered electrons contain higher energies than secondary electrons, and the resulting images are less susceptible to charging effects on the imaged surface. Due to their high energies, backscattered electrons are not easily collected using the same Everhart–Thornley detectors for secondary electrons. Instead, a solid-state detector, often photovoltaic detectors, are placed in the emission path of these backscattered electrons to be collected directly. Further, the rate of emission for backscattered electrons is heavily influenced by the composition or atomic species of the sample for atomic numbers lower than 40. For this reason, backscattered electron images are great for producing high compositional contrast images, where areas of the sample with atoms of higher atomic number produce higher contrast. Secondary electron imaging is instead more commonly used for topological and morphological investigations. However, another distinction between these elastic and inelastic interactions is that the elastic interactions resulting in backscattered electron emission occurs at a much deeper penetration depth compared to inelastic secondary electrons, where secondary electrons are produced at a depth of only 5-10nm, and backscattered electrons are produced as deep as a few microns, as observed in Figure 2.7 (b). This results in a much longer path for backscattered electrons to travel inside the sample before emission, and results in a large number of scattering events reducing the resolution of the overall image. For similar beam energies, this often results in a resolution reduction of up to an order of magnitude compared with the secondary electron images. However, researchers have found that by simply lowering the energy of the incident electron beam, down to even 1kV, backscattered images can still be observed, while also reducing the interaction volume inside the sample, resulting in higher resolution images comparable to secondary electron images. 
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[bookmark: _Ref108968149][bookmark: _Toc112017105][bookmark: _Toc112767572]Figure 2.8 SEM image comparison: a) polycrystalline PbSe film observed by secondary electrons, and b) by backscattered electrons.
Another interesting result of these elastic interactions is that backscattered electrons collected by a detector with multiple segments can produce “stereoscopic” images relative to the sample tilt and topology versus detector position, resulting in shadows observed on the imaged area. This technique provides uniquely distinct images when compared to secondary electron images, which do not have the ability to form these stereoscopic shadow-cast features. This effect can be observed in Figure 2.8, where polycrystalline PbSe films that I deposited on SiO2 substrates show varying number of misoriented grains composing the entirety of the film’s surface. While Figure 2.8a provides a clear view of the grain boundaries, the stereoscopic view from the backscattered electrons in Figure 2.8b provides a much clearer view of the facets and grain orientation. The application of the backscattered electron detector here allows for easy identification of differing oriented grains, with easily observable contributions in Figure 2.8b from (001), (110), and (111) poly-PbSe grains.  
 
Atomic Force Microscopy
	Atomic force microscopy is a technique that falls under the family of scanning probe microscopy and is often used to provide detailed quantitative information regarding a crystal film’s surface morphology along with electronic and mechanical properties. While still employing a raster or scanning of the sample’s surface similar to SEM, AFM uses a physical cantilever placed either in direct contact (c-AFM) or <10nm from the sample surface (nc-AFM). 
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[bookmark: _Ref109132088][bookmark: _Toc112017106][bookmark: _Toc112767573]Figure 2.9 AFM Operating Modes: a) contact mode AFM, b) non-contact mode AFM, and c) inter-atomic force regimes respective to sample-cantilever separation distance. [11]
When operating in contact mode, the force between the sample and cantilever are held constant as it sweeps across a specified area. Where the sample may have peaks or valleys, the cantilever adjusts the height to maintain contact with the surface while maintaining a constant sample-cantilever force. By doing this, c-AFM measurements can obtain high resolution images of the sample surface with quantitative information regarding a sample’s surface roughness and morphology. When operating in nc-AFM mode, the cantilever is instead brought to just above the sample surface, ranging from only a couple angstroms to a few nanometers. In doing so, the cantilever tip is subject to attractive forces brought on by inter-atomic force interactions as visually represented in Figure 2.9. By utilizing a piezoelectric modulator to modulate the cantilever at its resonant frequency, usually somewhere between 100-300 kHz, a feedback loop is formed where a detector measures the dampening of the cantilever frequency due to inter-atomic forces from the sample’s surface, and the cantilever is adjusted to maintain its frequency. This process produces extremely high-resolution height profiles of the sample’s surface. In this work, AFM measurements will be taken in non-contact mode to ensure no deformation of the film surface is caused by the force between the cantilever tip on the film’s surface when raster scanning over the imaged area. 

IV. [bookmark: _Ref112066833]Etch Pit Density
Introduction to Etch Pit Density
	For epitaxial crystal films, one of the most important pieces of information for researchers to uncover is the defect density of their material. Although there a many different ways to investigate a film’s relative material quality, direct measurement of the defect density provides a quantitative marker in which to compare film quality between multiple samples and link their properties to both changes in growth parameters and device performance. Revealing of etch pits is one of the most common techniques employed for this reason. Here, epitaxial films are dipped into an etching solution to etch away the top layers of the film. However, the etch rate of defects versus the bulk are dissimilar to each other, where defects are typically etched at a higher rate than the bulk. This allows researchers to expose these defects after finding the right etching solution recipe for their given material system. Once exposed, researchers can use either optical or electron microscopy to observe their film’s surface and count the number of revealed etch pits or defects in a given area. 
PbSe Etch Pit Reveal
	Due to the lack of a lattice and thermal expansion coefficient matched substrates in which to grow high yield high-quality PbSe epitaxial films, etch pit density investigations have played an integral role in the feedback loop for researchers to uncover how changes in growth conditions may improve PbSe film quality. 
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[bookmark: _Ref109304674][bookmark: _Toc112017107][bookmark: _Toc112767574]Figure 2.10 PbSe etch pit density reveal: PbSe epitaxial film on Si substrate etched using an alkaline solution to expose dislocations via preferential etching of dislocation facets. [12]
For researchers to expose dislocations in a film, they must first determine an etching solution which displays high preferential etching in their given material system. This is achieved by utilizing certain etchants that have large variations in their etching rate when encountering areas of a crystal with differing amounts of strain. For defects, such as dislocations, the facets surrounding them contain higher amount of strain, and their bonds are more easily broken, resulting in higher etching rates of these areas versus the bulk. Therefore, etch pits often have sharp geometric qualities when observed under microscopy resulting from their orientation and symmetry. For PbSe films grown on Si(111) substrates, these etch pits look like indented pyramids or triangles in the films surface resulting from the three-fold symmetry, as observed in Figure 2.10. Directly observing these etch pits allows for researchers to easily calculate their density. For example, in Figure 2.10, counting the number of observed etch pits over the imaged area gives an etch pit density of 5×108 cm-2. It is important to note that these etch pits are surface features of the film, and while they provide an excellent indication of a film’s quality, their distribution may not be homogeneous with film thickness. This has been reported in films who’s x-ray diffraction (XRD) full-width half maximum (FWHM) values change with incident angle, suggesting non-uniform scattering of defects with x-ray penetration depths. These tools in combination then provide a more accurate indication of overall film quality when used in conjunction. 

V. [bookmark: _Ref112066848]X-Ray Diffraction
Introduction
	X-ray diffraction is one of the most used tools in a researcher’s arsenal. This is largely due to the minimal preparation needed for samples to be measured, and the wide variety of useful information gained about a film’s crystalline nature. Observing XRD of crystalline films provides a host of information including lattice parameter, orientation, crystallinity, stress/ strain, defect density, composition, and vicinal tilt. The main working principle of XRD measurements is the x-ray source, sample, and detector set-up. Formation of the incident beam is typically achieved by directing a high-power electron beam at a copper target, where the x-rays emitted are directed through a monochromator designed for a specific wavelength. The most commonly used wavelength for these measurements is the characteristic Cukα 1.54Å wavelength. This standard is for convenience of researchers so that diffraction peaks between experiments can be directly compared. The resulting x-ray beam is then directed to the sample’s surface at differing angles depending on the film’s crystallinity. 
	The mechanism of interest in XRD measurements results from the x-ray-sample interactions. In a crystalline film, the periodic arrangement of atoms in the lattice structure act as planes of reflection or potential mirrors when satisfying a condition known as Bragg’s Law. In XRD measurements, as many variables are held constant as possible, leaving the x-ray beam, sample, and detector angle to be the main variable in which researchers control to find the condition in which Bragg’s Law is met. For crystalline films with a large variety of planes, such as polycrystalline films, this results in a larger number of angles in which Bragg’s Law is satisfied, resulting in a higher number of observed diffraction peaks at various angles. Analyzing these diffraction peaks based on their amplitude, symmetry, and angle, give direct insight into numerous different properties of the observed film. 


Bragg’s Law
	As previously stated, Bragg’s Law is the foundation in which XRD measurements are based upon. This condition determines the exact angle in which x-ray diffraction peaks will be observed for a given geometry of arranged atoms. For a given wavelength of x-ray photons directed at a plane of periodically arranged atoms, the angle in which these photons will be reflected can be accurately determined by the following equation, 
[bookmark: _Hlk109480524][bookmark: _Ref109480000]………… 2.1
Where d is the interplanar spacing, θ is the angle of incidence between the x-ray beam and the crystal planes, and nλ is an integer multiple of the x-ray wavelength (1.54Å). While the statement condition for Bragg’s Law is relatively simple, in practice, there are a few more considerations that need to be understood to fully comprehend its utility in XRD measurements. 
[image: ]
[bookmark: _Ref109480761][bookmark: _Toc112017108][bookmark: _Toc112767575]Figure 2.11 Bragg’s Law for X-ray Photons incident on a crystalline film with interplane spacing of d. Here, the surface atomic plane and second atomic plane of spacing d are shown to reflect the incident x-ray photons. The parallel reflection paths are a result of the parallel configuration of these atomic planes, and the extra path length of the x-ray photons reflecting from the second plane relative to the surface is given by 2d∙sin(θ). For these reflected beams to interfere constructively, the extra path length must be an integer multiple of the x-ray photon’s wavelength (i.e.  2d∙sin(θ)=nλ).
[bookmark: _Hlk109481743]As shown in Figure 2.11, bulk crystalline films are comprised of parallel crystalline planes, each of which contribute to reflection of incident x-ray photons. The result of this, is parallel beams of x-ray photons coming from the sample which must interfere constructively to produce high intensity diffraction peaks that can be collected by the scintillator or detector. The condition given by Bragg’s Law is that the angle in which this constructive interference will occur for researchers to observe a signal from a material with interplane spacing d, is when the increased optical path length from each subsequent layer is some integer multiple of the x-ray photon wavelength. With this knowledge, one could expect that for a perfect crystal, the angle in which the Bragg condition is met would be infinitesimally small, and no observable diffraction would be observed. However, in real world application, this is impossible to achieve. There will always be some disturbance to this condition, due to the inability to perfectly form a single wavelength x-ray source, variation of the goniometer, variation of the x-ray photon beam spot, detector, and sample size, and imperfections in the crystalline structure of the sample being investigated. This last mechanism involving imperfections of the crystal are of the most importance to researchers. State-of-the-art XRD machines are able to mitigate the other effects, so that the dominating mechanism for broadening of the 2θ diffraction peaks results from imperfections is the crystal structure. Therefore, measurement of a film’s XRD FWHM is widely considered to be one of the more useful tools for analyzing a film’s material quality. 



VI. [bookmark: _Ref112066972]Photolithography
Introduction to Photolithography
	In the fabrication of semiconductor devices, a critical step between initial film growth and final device testing is the processing of the sample into a device structure. To achieve this, researchers employ photolithographic techniques to modify their films into a suitable device structure for precise measurement. These techniques allow for easy formation of pixels or mesas in a film, patterned deposition of insulators, passivators, and conductive contacts, and the ability to form complex patterned etching. The fundamental mechanism in photolithography is the application of a photosensitive polymer called photoresist, which when exposed to light, undergoes a chemical change that either strengthens its adhesion, or makes it easier to remove. By designing a mask to either block or allow light to pass through in a predefined pattern or area, researchers are able to coat their films with this photoresist and produce neatly defined patterns on the surface of their samples. The patterned resist is then typically used in two different ways, either to act as a protective layer patterned etching, or to be used in lift-off, where a subsequent material is deposited on the sample and is lifted off in areas where there is photoresist during the photoresist removal step. While the fundamental principle behind photolithography is relatively simple, researchers have discovered many ingenious ways to use this technique to create extremely effective device structures, from simple but effective device designs to complex state-of-the-art nanostructures. 

Photoresist and Mask Design
As previously mentioned, different types of photoresists exist, where exposure to light either strengthens their bonds in the presence of a developer solution, or weakens them, making it easier to be removed. This reversal in development of photoresist is referred to as either positive or negative photoresist. 
[image: ]
[bookmark: _Ref109818807][bookmark: _Toc112017109][bookmark: _Toc112767576]Figure 2.12 Process flow for photolithography: After spin coating a layer of either positive or negative photoresist, the sample is selective exposed to UV light through a patterned mask. The sample is then dipped into a developer, where the UV exposed positive photoresist is removed, and the UV exposed negative photoresist remains.

The immediate difference between these two photoresists is the resulting image produced from a mask as seen in Figure 2.12. For positive resist, the photoresist pattern on the sample will match that of the mask, where open areas of the mask allow for UV exposure of the positive resist, and these areas are removed during the development process. For negative resist, the photoresist pattern will instead be the inverted image of the mask, where the non-exposed areas of the photoresist will instead be removed during the development process. This distinction is important to understand because it is critical to ensure proper mask design when developing a pattern. However, one might ask, “Why not just use positive photoresist all the time for convenience?” The reason behind this, is the difference in sidewall profile of these two different photolithography methods and their usefulness in different applications. 
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[bookmark: _Ref109818283][bookmark: _Toc112017110][bookmark: _Toc112767577]Figure 2.13 PR and NR sidewall formation: The interaction volume during exposure of photoresist produces a sloped sidewall, where positive resist forms a wider profile with depth, and negative resist forms a narrower profile with depth.
The sidewall formation from these two techniques provides unique advantages for different processes. For example, the negative photoresist observed in Figure 2.13 showcases its ability to form a shadow mask over the sample’s surface due to the negative sidewall profile. This shadow cast sidewall is uniquely advantageous when depositing subsequent films for lift-off, since areas of the film deposited directly on the sample and those on the photoresist will be completely isolated, making the lift-off process much easier when compared to positive photoresist. If the same lift-off technique were used with positive photoresist, connected areas of the film on the sample and those on the photoresist would prove lift-off extremely difficult. In some cases, the film will act as an encapsulation layer, inhibiting the ability of the photoresist remover from accessing the photoresist. In other cases, the connection between the film on the sample’s surface and photoresist will cause lift-off of the film in undesired areas. When designing a mask for a new device structure, every step of the process needs to be meticulously accounted for. Consideration of each process will determine the type of photoresist to be used, resulting in the nature in which the mask must be designed to produce the correct pattern after development. Further, multi-step lithography processes often require precise alignment between each process to ensure proper device function. It is common for each pattern of the mask to contain alignment markers precisely sized and positioned identically in each step to ensure strict alignment. In this work, all device structures were fabricated using a custom mask design drawn in Layout Editor, and masks were fabricated in a Heidelberg uPG-101 Laser Lithography System. 

VII. [bookmark: _Ref112067331]Radiometric Measurement
Introduction
	To characterize the performance of various detector technologies and quantitatively link their performance to changes in growth parameters and device design, it is essential to understand the fundamental principles behind the optical measurement system and set-up. Firstly, as these are MWIR detectors, the first step in measuring their performance is finding a stable MWIR source to illuminate the detectors. Second, understanding of the MWIR source emission behavior and alignment of source and detector are essential to ensure accurate measurement and allow for direct comparison of detector behavior between multiple experiments. For this reason, the Detectivity figure of merit is often used to compare detector performance. Detectivity, also known as D*, compares the noise-equivalent power (NEP) of a detector system normalized to the detector area. By doing this, researchers can directly compare the D* of their detectors with others, no matter the detector size. In effect, the D* measurement eliminates the variable of detector size when comparing different detector technologies, allowing researchers to directly link relative performance levels to the growth environment, material system, processing, and overall device structure. 

Radiometric Figures of Merit
	As previously stated, the first step in characterizing a detector’s behavior is to illuminate the sample with a light source. For this purpose, blackbody radiation sources have proven an effective tool due to their predictive nature and stable emission over time. 
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[bookmark: _Ref110418596][bookmark: _Toc112017111][bookmark: _Toc112767578]Figure 2.14 Blackbody Spectral Radiant Exitance: The total radiant exitance from a blackbody at a given temperature is determined by Planck’s Law and can be integrated over a wavelength regime for different applications.

While all materials exhibit some form of electromagnetic emittance resulting from the vibrational energy of their atoms, a blackbody source is comprised of a material with an emissivity approaching 1. For all other materials with lower emissivity values, the term graybody is commonly used to denote the reduction in their radiant exitance by a constant factor defined by their lower emissivity value. For research purposes, blackbody sources are used to illuminate detectors at a finely controlled operating temperature, producing well defined radiant exitance over a given wavelength regime for radiometric measurements as shown in Figure 2.14.  With a well-defined illumination source and a known detector, researchers can begin to analyze detector behavior.
Responsivity is a fundamental figure of merit which is defined by the relationship between the electrical output signal of an illuminated detector versus the incident radiation power on the detector.
 ….........2.2
Where  is the wavelength and frequency dependent responsivity value in A/W,  is the signal output of the detector in amperes,  is the total radiant flux on the detector area for the wavelength regime of interest. Another way to view the responsivity of a detector is through the lens of quantum efficiency. Here, the responsivity actually provides information of the quantum efficiency of the detector and relates it to the incident and output power. Knowing the blackbody emission source, we can easily determine the number of incident photons and collected electrons to calculate the quantum efficiency.
 …...........2.3
Here,  is the quantum efficiency of the detector, q is the charge of an electron, h is Planck’s constant, and f is the frequency of the optical signal. Already, researchers can attribute differences in their detector technology to the measured responsivity of their detectors and begin to understand how their growth, processing, or device structure might have impacted their performance. Another aspect to consider regarding the material system of a detector is the temperature dependent behavior. For example, PbSe is known to have an anomalous positive temperature coefficient, where the band gap decreases with lower temperature rather than increasing like most other material systems[13]. 
.....................2.4
Here, the temperature dependent bandgap of PbSe observes a decrease from 0.27eV at room temperature to 0.24eV at 230K. The significance of this regarding responsivity is that at lower temperatures, lead selenide’s MWIR absorption is extended to slightly longer wavelengths, allowing for the collection of more incident photons resulting in more optically generated carriers. While this may not directly change the responsivity of the detector due to the simultaneous increase in both the signal and number of incident photons on the detector, it is still an important distinction. Further, lower operating temperatures often results in an increase in carrier mobility, enhancing the quantum efficiency and subsequent detector responsivity[14], [15]. Once the signal is observed, researchers are then curious about the nature of noise in their detector systems. While on the surface, high responsivity values may indicate stronger detector performance, noise contributions emerging from the detector can limit their potential success. These noise contributions can arise from a multitude of sources. 
..............2.5
The dominating noise contributions typically result from Johnson-Nyquist noise (thermal) , shot noise , and generation-recombination noise . At temperatures above 200K, Johnson-noise and generation-recombination effects dominate over the shot noise contributions in PbSe detectors [16]. However, I will note that recent studies suggest a unified mechanism responsible for both shot noise and Johnson-noise in photodetectors, which may help illuminate and reshape the way we characterize our devices[17]. As described earlier, however, lead selenide’s anomalous temperature behavior observes a shrinking of the bandgap with lower operating temperatures. While this has a positive effect on the extension of its absorption window to longer wavelengths, this also produces an increase to thermal or Johnson-noise contribution. Researchers investigating PbSe are then interested in optimizing the generation-recombination mechanisms, as contributions from these noise sources typically keep these devices from performing under their Johnson-limited operation. 
....................2.6
Here, the generation-recombination current density is influenced by radiative recombination  , Auger recombination , and Shockley-Read-Hall . While the contributions from  can be reduced by lowering the defect densities in a material system through enhanced growth techniques or post-growth treatment processes, the radiative and auger recombination effects are often tied to the intrinsic properties of a material itself. Some of these properties can be tailored to reduce these effects, but others are intrinsic properties of the material itself. For example, both the radiative and auger recombination rates are closely tied to a material’s bandgap and carrier concentration, with smaller bandgaps and higher carrier concentrations typically resulting in larger radiative and auger recombination rates[18].
 ...........2.7
The auger recombination rate , is determined by a material’s electron and hole auger coefficients  and  respectively, along with the excess carrier concentration. For this reason, researchers are often interested in material systems which exhibit low auger coefficients combined with methods for further reducing the auger rate such as lowering excess carrier concentrations. The most common method for comparing the signal and noise contributions of a detector is then referred to as the noise equivalent power (NEP). 
 ...............2.8
Here,  and  are the noise measured in voltage and current respectively, and  and  are the responsivity values of the detector in voltage and current respectively. NEP is then defined as the signal level needed to produce a signal-to-noise ratio (SNR) of 1. This is an important figure of merit for researchers, as it defines the responsivity required, and therefore the number of incident photons required to produce a signal from the detector that exceeds the noise level. For this reason, researchers have named to the reciprocal of NEP as the detectivity (D) of a detector, as it defines the detection condition of a given detector system. As previously mentioned, since NEP and therefore D are functions of electrical bandwidth and detector area, a normalized D* value can be calculated, allowing for quantitative comparison of similar detector performances with various sized areas. 
..................2.9
Here, the detectivity of the measured detector is described by the detector area , the noise bandwidth , and the  of the detector. This normalized detectivity is known as D*, with a unit of measurement commonly referred to as Jones and is given in .
In this work, all radiometric measurements were performed using an Infrared Systems Development standard blackbody emission source operating above 500K in conjunction with a vacuum sealed detector dewar for temperature dependent detector measurements. 
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3. Growth Study of New Complex Oxide PbOxSe1-x Thin Films by Oxygen Plasma-Assisted Molecular Beam Epitaxy

I. [bookmark: _Ref112067716]Introduction
	Complex oxides are attributed to an extraordinary wealth of electric, magnetic, optical, and mechanical properties. Applications of such material systems have found benefit in a wide range of technologies relating to energy harvesting, optical sensing, communication devices, nanoelectronics, and more[19]–[22]. Progress in the development of new complex oxide semiconductor material systems have also found great success in the advancement of state of the art technologies such as the growth of perovskite-type complex oxides, Indium Gallium Zinc Oxide (INGZO) material system for flexible thin-film transistors, and Bismuth Vanadate (BiVO4) as a complex metal oxide photoelectrode[19], [23], [24]. To better understand the role oxygen atoms play in the formation and properties of complex oxides, it is imperative to develop controlled methods for fabrication and characterization of such materials. For instance, Lead Chalcogenides, especially Lead Selenide (PbSe), have for a long time been a focus of interest for scientists due to having a narrow optical bandgap perfectly suited for the development of optical sensors and emitters in the mid-infrared (IR) region. However, PbSe films used in such optoelectronic devices often acquire their photosensitivity from interaction with oxygen and other elements, typically through thermal treatment called the sensitization process[10], [25]. Previous studies also indicate that PbSe interaction with oxygen results in enhanced photoluminescent properties and defect passivation, along with the formation of a PbSeO3 surface layer, as well as other possible PbSe oxides[26]. However, explanations for the physical mechanisms in which PbSe interacts with oxygen to form this complex oxide semiconductor system and promote photosensitivity and enhanced photoluminescence has not yet been established without some ambiguity[27], [28]. Deeper investigations into the role oxygen atoms play in the sensitization of PbSe films require a more controlled introduction of oxygen atoms, and subsequent characterization of crystal formation and properties related to changes in PbSe-O2 interaction. To our best knowledge, thin film growth of lead oxy-chalcogenides have never been explored or reported. For these combined reasons, in this work, we applied the molecular beam epitaxy (MBE) with the controlled inclusion of oxygen atoms via Radio Frequency Oxygen Plasma source to study the growth of lead-oxy-chalcogenide thin films systematically. Controlled substrate temperatures were used to promote high crystal quality as well as assist in PbSe-O2 interaction. By utilizing this in-situ growth method, a more uniform distribution of oxygen atoms interacting with PbSe can be accomplished compared to conventional post-growth thermal oxygen treatment, which sees a large interaction rate at the surface, but sharply decreases deeper into the film due to the nature of oxygen diffusion process. Using this method, we fabricated a new complex oxide in the form of ternary compound PbOxSe1-x. This new ternary compound complex oxide could be crucial in the understanding and future design of high-performance lead-chalcogenide based complex oxide semiconductor optoelectronic devices.




II. [bookmark: _Ref112067741]Experimental Methods
Oxygen plasma-assisted MBE Growth
Epitaxial PbSe was deposited by MBE on a freshly cleaved BaF2 (111) substrate at a background pressure of 1×10-6 Pa and was used as a reference sample for subsequent growths. BaF2 substrates were utilized for their excellent long wave optical transmittance and electrical insulation, allowing for both optical and electrical characterization to be carried out. Furthermore, BaF2 substrates share similar cubic crystal structure, lattice parameter, and coefficient of thermal expansion with PbSe, whose relevant material parameters are provided in Table 3.1.
[bookmark: _Ref111981210]Table 3.1 Room temperature properties of BaF2, PbSe, and common Pb-oxides and PbSe-oxides.
	Material
	Crystal Structure
	Lattice Constant (Å)
	Thermal Expansion (K-1)
	Band Gap
(eV)

	BaF2
	Cubic (Fluorite)
	6.196
	1.84×10-5
	11

	PbSe
	Cubic
(Rock-Salt)
	6.124
	1.94×10-5
	0.27
(direct)[29]

	PbO
	Tetragonal
	a = 4.06
c = 5.51
	ao = 5.2×10-6 13
co = 8.3×10-6
	1.9
(indirect)[30]

	
	Orthorhombic
	a = 5.8931
b = 5.4904
c = 4.7528
	ao & co = 3.1×10-6 15
bo = 9.8×10-6
	2.7
(indirect)[31]

	PbSeO3
	Monoclinic
	a = 4.5437
b = 5.5137
c = 6.6340
	-
	3.17
(direct)[32]

	PbSeO4
	Orthorhombic
	a = 8.5800
b = 5.6300
c = 7.1200
	-
	3.17 (indirect)[33]



Subsequently, PbSe evaporation via effusion cell was performed on the freshly cleaved BaF2 (111) substrates under various conditions utilizing a RF oxygen plasma atom source. An oxygen background pressure of 5×10-3 Pa and 9×10-3 Pa was achieved with an oxygen flow rate of 0.8 sccm and 1.4 sccm respectively. The incursive oxygen molecules were ionized under RF mode inductive coupled plasma process at 250 W. The resultant films were deposited at substrate temperatures of 350 ᵒC and 420 ᵒC for 1hr, resulting in 1µm thick thin-films which are listed in Table 3.2.
[bookmark: _Ref113312020]Table 3.2 Growth Parameters of PbOxSe1-x Thin Films
	Sample
	Substrate Temperature (oC)
	Oxygen Flow Rate (sccm)
	Ionization Power
(W)

	PbOSe-1
	350
	0.8
	250

	PbOSe-2
	350
	1.4
	250

	PbOSe-3
	420
	0.8
	250

	PbOSe-4
	420
	1.4
	250



While Pb-oxides and PbSe-oxides have been previously characterized, oxygen plasma-assisted MBE growth of PbSe(Ox) films have never been studied. In addition to providing a list of relevant material properties for BaF2 and PbSe, Table 3.1 also includes information on some of the previously reported Pb-oxides and PbSe-oxides which may have been expected to form under the stated growth conditions. However, subsequent characterization of deposited thin films utilizing the compound PbSe effusion cell and RF oxygen plasma source indicated the formation of a new ternary PbOxSe1-x complex oxide. Surface morphology of PbOxSe1-x films was investigated by Scanning Electron Microscopy (SEM), while a Bruker Fourier-Transform Infrared Spectroscopy (FTIR) apparatus operating in mid-infrared (mid-IR) spectral range was used to characterize their optical properties. Electrical properties of PbOxSe1-x films were studied by performing Hall Effect measurements at room temperature. High Resolution X-ray diffraction (XRD) analyses was performed using a Rigaku Ultima IV diffractometer. Cu-K-alpha radiation (40 kV, 44 mA) was used in Parallel Beam mode, and data analysis was completed using the MDI Jade2010 software with the ICDD (International Centre for Diffraction Data) PDF4+ database. Long wave LO and TO phonon modes were investigated with a Renishaw inVia Raman Microscope, illuminated by a 532 nm 500 mW green laser excitation source.
III. [bookmark: _Ref112067750]Results and Discussion
Film Morphology and Composition
	SEM images of all PbOxSe1-x thin films reveal the formation of a polycrystalline structure with densely packed grains, as shown in Figure 3.1 and Figure 3.2. Observing the surface morphology of PbOxSe1-x thin films in Figure 3.1 reveals the presence of [100] and [111] orientated grains. Cross section SEM images in Figure 3.2 display polycrystalline nature of PbOxSe1-x thin films grown with high packing density, smooth surface, good adhesion to the substrate, and uniform thickness between growths. Figure 3.3 serves as an aid for visualizing the difference in surface morphology of [100] and [111] cubic lattice structures.
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[bookmark: _Ref111981778][bookmark: _Toc112017117][bookmark: _Toc112767579]Figure 3.1 SEM surface images for: (a) PbOSe-1 (b) PbOSe-2 (c) PbOSe-3 (d) and PbOSe-4 thin films.
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[bookmark: _Ref111981792][bookmark: _Toc112017118][bookmark: _Toc112767580]Figure 3.2 SEM cross section images of: (a) PbOSe-1 (b) PbOSe-2 (c) PbOSe-3 (d) and PbOSe-4 thin films.
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[bookmark: _Ref111981856][bookmark: _Toc112017119][bookmark: _Toc112767581]Figure 3.3 Visual Schematic for cubic crystal orientation: a) about the point of origin given coordinates (x,y,z), and b) top view of cubic crystal structure.

PbOxSe1-x films deposited at low oxygen flow rates (i.e. PbOSe-1 and PbOSe-3) contained mixed [111] and [100] orientated grains, while PbOxSe1-x films deposited at a higher oxygen flow rate showed preferred [100] orientated grains. The crystal growth for PbOxSe1-x films differed from the reference PbSe sample which grew [111] single crystal on the nearly lattice and thermal expansion matched BaF2 (111) substrate. This result suggests that the growth mechanism for PbOxSe1-x thin films rely heavily on the influence of oxygen overpressure in the growth chamber. As per our reference sample, PbSe films deposited by MBE on BaF2 (111) substrates typically grow epitaxial along the [111] direction. However, the presence of oxygen atoms on the growth surface, along with increased atomic scattering from the low vacuum environment during PbOxSe1-x deposition seems to have altered the nucleation process during crystal formation. As a result, this led to island growth with the presence of varying orientated grains. Although the formation of [111] orientated grains is typically preferred due to the closely lattice matched BaF2 (111) substrate, competition for the [100] orientation now exists due to changes in surface and strain energy relations between neighboring grains for the polycrystalline films. This phenomenon has been previously reported in Sun et al., where calculations of surface and strain energy densities for the physical deposition of polycrystalline PbSe films revealed a lower energy of formation for [100] orientated grains at substrate temperatures >250oc[34]. Therefore, it is expected that polycrystalline growth of a PbSe-like rock salt structure, such as our PbOxSe1-x thin films, would result in the formation of [100] orientated grains at high substrate temperature deposition. In conjunction with SEM analysis, energy-dispersive X-ray spectroscopy (EDX) was employed in hopes of determining the oxygen “x” concentration of PbOxSe1-x thin films, resulting in “x” values ranging from . However, the resolving power of the EDX measurement did not allow for the distinction between contributions of elemental composition in crystal grains versus grain boundaries that exist in the polycrystalline PbOxSe1-x thin films. Due to the overpressure of oxygen in the growth chamber, as well as prolonged exposure to the atmosphere post-growth, large amounts of oxygen atoms may have diffused or imbedded themselves in the film via grain boundaries or defect centers. Similar phenomena have been reported previously, where lead rich n-type PbSe films converted to p-type after prolonged exposure to the atmosphere[35]. Researchers concluded that PbSe interaction with oxygen in the air resulted in the diffusion and incorporation of oxygen atoms into the film, producing the flip from n-type to p-type carrier concentration. These processes may have contributed to the overestimation “x” contained in the active PbOxSe1-x lattice structure by EDX measurements, due to oxygen interstitials and oxygen gas trapped in the grain boundaries during crystal formation and post-growth exposure to air. Therefore, EDX results could not be used to accurately determine oxygen composition. Further study using other techniques to determine the oxygen composition will be performed in future.

X-Ray Diffraction
	Parallel Beam XRD analysis of PbOxSe1-x thin films, as shown in Figure 3.4, reveal a rock-salt crystal structure with preferred (200) peak contribution, along with possible (111) peaks masked by the BaF2(111) substrate peak. Investigation of XRD peak intensity and symmetry, along with full width half maximum (FWHM) of PbOxSe1-x (200) peaks, and slight lattice constant shifts, provide possible explanations of crystal formation and structure when compared with SEM images and reference PbSe films.   
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[bookmark: _Ref111981876][bookmark: _Toc112017120][bookmark: _Toc112767582]Figure 3.4 XRD spectra for PbOxSe1-x thin films. The vertical lines denote the characteristic BaF2 substrate peak position and the PbSe(200) reference peak position.
No peak contributions from previously reported PbO, PbSeO3, or PbSeO4 were observed. However, a slight shift in the lattice parameter for deposited films was apparent given the offset in the PbOxSe1-x (200) peak positions relative to PbSe. Since the (200) peak belongs exclusively to the PbOxSe1-x film, measured 2θ shifts to lower angles from the reference PbSe (200) peak position signify an increase in lattice constant. While PbSe has a rock-salt structure with a lattice constant of  PbOxSe1-x films produced a slight lattice constant shift as shown in Table 3.3, ranging from  - . While previous studies of Pb–O bonding report shortened bond lengths compared with Pb–Se bonds, XRD analysis suggest the ternary Pb–O–Se complex oxide forms an overall larger lattice constant compared with conventional PbSe films.
[bookmark: _Ref111981413]Table 3.3 Lattice parameter and FWHM of PbSe and PbOxSe1-x thin films.
	Film
	Lattice Constant (
	PbOxSe1-x (200) 
FWHM (arcsec)

	Reference Epitaxial PbSe 
	6.12
	-

	PbOSe-1
	6.16
	487.8

	PbOSe-2
	6.16
	478.8

	PbOSe-3
	6.14
	369.0

	PbOSe-4
	6.16
	392.4



[bookmark: _Hlk1132918]Since we observe shifting of the (200) peak position to lower 2θ angles, we should expect to see shifting of the (111) peak position to lower angles as well. However, this would make any PbOxSe1-x (111) peak contributions almost entirely overlapped with the BaF2(111) substrate peak, making the PbOxSe1-x (111) film peak difficult to analyze. For this reason, we speculate that peak broadening and asymmetry of the BaF2(111) substrate peak is possibly linked to an increase in the presence of a PbOxSe1-x (111) peak contribution. This effect is more pronounced in the low oxygen flow rate PbOSe-1 and PbOSe-3 samples, along with a reduction in the (200) peak intensity. In this case, XRD peak contributions coincide with observations made during SEM analysis, in which lower oxygen flow rates produced PbOxSe1-x crystal films with lower (200) vs (111) ratios. Table 3.3 also includes investigation of the full width half maximum (FWHM) of PbOxSe1-x (200) XRD peaks. According to Scherrer’s equation, the larger measured FWHM values found in PbOSe-1 and PbOSe-2 suggest the formation of smaller grain sizes compared to the high substrate temperature growths, which is also observed in top-down SEM images in Figure 3.1. 
[bookmark: _Hlk870316]Raman Spectroscopy
Raman Spectra of the reference PbSe film reveals characteristic PbSe Longitudinal and Transverse Optical phonons, which have been previously reported in similar MBE grown PbSe films[36]. Figure 3.5 shows that for PbOxSe1-x films, a singular peak at the LO, 2LO and 2TO peak positions were present, while no individual phonon mode contribution from either PbSe or PbO were detected. 
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[bookmark: _Ref111981911][bookmark: _Toc112017121][bookmark: _Toc112767583]Figure 3.5 Raman spectra of PbOxSe1-x films.
[bookmark: _Ref111981466]Table 3.4 Peak positions of 2TO, LO, and 2LO phonon modes in PbOxSe1-x films.
	Sample
	2TO (cm-1)
	LO (cm-1)
	2LO(cm-1)

	PbSe Reference
	79
	136
	271

	PbO Tetragonal
	81
	145.5
	337

	PbO Orthorhombic
	71.5
	143
	289.5

	PbOSe-1
	80
	141
	280

	PbOSe-2
	80
	142
	283

	PbOSe-3
	79
	137
	273

	PbOSe-4
	80
	138
	278



[bookmark: _Hlk532196142]This indicates that there is no separated PbSe or Pb-oxide phase present in the film, further supporting that a ternary PbOxSe1-x crystal structure has been formed.  Subsequently, PbOxSe1-x films show similar PbSe like profiles, but with slight variations in LO, 2LO, and 2TO phonon peak positions. Raman shift of PbOxSe1-x films reveal a shifting of LO and 2LO phonon peak positions to higher wavenumbers compared with the reference PbSe film. The LO phonon mode contains the highest intensity for all deposited films, with increasing wavenumber for each subsequent PbOxSe1-x sample ranging from 0.7% up to a maximum of 4.4%. Comparing the previous investigations into Raman shift for PbO films listed in Table 3.4, our PbOxSe1-x thin films experienced a Raman shift in between that of PbSe and PbO. As a ternary compound, the PbOxSe1-x Raman shift is the result of a ratio between Lead-Selenium and Lead-Oxygen bonding, where Raman shift approaching that of characteristic PbO phonon modes is a result of increasing oxygen concentration, producing more Lead-Oxygen bonds. The largest difference in Raman shift was observed for the PbOSe-2 film deposited at the lower 350 oC substrate temperature and higher 1.4 sccm oxygen flow rate. Conversely, the PbOSe-3 film deposited at the higher 420 oC substrate temperature and lower 0.8 sccm oxygen flow rate resulted in the smallest difference from characteristic PbSe LO, 2LO and 2TO phonon peak positions. It has been previously reported that Raman shift  varies depending on composition and temperature effects as they relate to bond length and energy, and may be represented by the following equation[37], 
………. 3.1
[bookmark: _Hlk870419]Where z is the atomic coordination number, and  and  are the bond length and energy respectively. Comparison of crystal films measured at the same ambient temperature observe an increase in Raman Shift due to either a decrease in bonding length or an increase in bonding energy resulting from differences in composition. Although XRD measurements revealed a slight increase in bonding length of +0.02-0.04Å for PbOxSe1-x films compared with PbSe, the Raman shift observed an increase rather than a decrease in . This is likely due to the reported energy difference of Pb–O bonds and Pb–Se bonds, where the Pb–Se bond (302.9±4 kJ mol−1) requires less energy to be broken than the Pb–O (382.0 ± 12.6 kJ mol−1) and Se–O (464.8 ± 21.3 kJ mol−1) bond[38].  The energy relation between these bonds suggests that the inclusion of oxygen atoms during crystal formation more readily break the Pb–Se bond to form higher energy Pb–O, and possibly Se–O and Pb–O–Se chain bonds.

Optical Properties
	Figure 3.6 depicts the absorption spectra of PbOxSe1-x films measured by FTIR, which revealed a blue shift in the optical band gap compared with the reference PbSe sample. The band gap energies provided in Table 3.5 show that the optical absorption edge of PbOxSe1-x thin films resulted in a blue shift ranging from +48% to +89% relative to the reference PbSe film. 
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[bookmark: _Ref111981927][bookmark: _Toc112017122][bookmark: _Toc112767584]Figure 3.6 Band gap determination of PbOxSe1-x thin films.
[bookmark: _Ref111981586]Table 3.5 Measured optical bandgap for PbSe and PbOxSe1-x films.
	Sample
	Band Gap (Direct)

	Epitaxial PbSe
	0.27 eV

	PbOSe-3
	0.4 eV

	PbOSe-4
	0.45 eV

	PbOSe-1
	0.46 eV

	PbOSe-2
	0.51 eV



It is important to note that the PbOSe-2 thin film, which contained the largest difference in Raman shift, also resulted in the largest blue shift of the optical band gap compared to the reference PbSe film. Conversely, the PbOSe-3 film, which contained the smallest difference in Raman shift, also resulted in the smallest blue shift of the optical band gap. This suggests a trend, in which property changes associated with enhanced oxygen atom incorporation during crystal formation result from both the lower 350 oC substrate temperature as well as an increased oxygen flow rate during deposition.

Electrical Properties
	Electrical properties of PbOxSe1-x films grown under varying conditions are shown in Table 3.6. 
[bookmark: _Ref111981613]Table 3.6 Electrical properties of PbOxSe1-x thin films.
	Sample
	PbOSe-1
	PbOSe-2
	PbOSe-3
	PbOSe-4

	[bookmark: _Hlk532312635]Carrier Concentration (cm-3)
	[bookmark: _Hlk532312611]1.79×1018
	[bookmark: _Hlk532312624]1.26×1019
	3.13×1018
	9.82×1018

	Carrier Mobility (cm2/V·s)
	53.19
	0.42
	11.95
	3.95



[bookmark: _Hlk532312790][bookmark: _Hlk532313048][bookmark: _Hlk1047790][bookmark: _Hlk1047723][bookmark: _Hlk532313149][bookmark: _Hlk532313706]Hall Effect measurements reveal that all PbOxSe1-x films are dominated by hole transport, with increasing p-type carrier concentration ranging from 1.79×1018 cm-3 to 1.26×1019 cm-3 observed for films grown with increasing oxygen flow rate. Conversely, carrier mobility decreases with increasing oxygen flow rate, pointing towards possible increases in impurity scattering, carrier scattering, alloy scattering, and grain boundary scattering. Comparing Hall measurements with SEM, XRD, and bandgap shift, the largest decrease in mobility observed in PbOSe-2 may be explained by contributions of all the above mechanisms. For example, the large FWHM of PbOSe-2 implies smaller crystal size, which is also observed in the SEM image in Figure 3.1, resulting in increased boundary scattering of carriers at grain-grain interfaces. Further, the carrier concentration of the PbOSe-2 film was the highest of all PbOxSe1-x thin films, almost a magnitude higher than PbOSe-1, leading to the potential for heavy carrier scattering. PbOSe-2 also observed the largest bandgap shift from PbSe resulting from increased oxygen atom incorporation, potentially increasing alloy scattering and further reducing carrier mobility. Other PbOxSe1-x films may be similarly affected by these mechanisms, however, PbOSe-2 displays the largest decrease in mobility due to having the highest oxygen atom incorporation along with smaller relative grain size.  Previous reports of ternary compounds such as PbSrxSe1-x and PbEuxTe1-x have been used to increase the bandgap energy for IV-VI Pb-salt based semiconductor opto-electronic devices to be used as electrical confinement layers[39], [40]. In doing so, the mobility decreased exponentially with Sr or Eu composition in comparison to PbSe. The p-type doping concentration in such ternary compounds is also limited, not being able to achieve high doping concentrations close to 1.0×1019 cm-3.  This new PbOxSe1-x ternary compound has succeeded in forming a larger bandgap, nearly the same lattice constant as PbSe, and high p-type doping concentration.  This, plus the positive role of defect passivation, oxygen may make this new PbOxSe1-x complex oxide attractive for PbSe related opto-electronic devices. The band alignment between this new complex oxide and PbSe will need to be studied further to better our understanding of existing oxygen treated PbSe films, and may lead to the development of new MWIR PbSe-based technologies.


4. [bookmark: _Toc112065339][bookmark: _Ref112067776]INTEGRATION OF EPITAXIAL IV-VI Pb-CHALCOGENIDE on GROUP IV VICINAL Ge SUBSTRATE TO FORM p-n HETEROGENEOUS STRUCTURES

I. [bookmark: _Ref112067795]Introduction
	Germanium-based opto-electronic devices are a fascinating branch of emerging state-of-the-art technologies. While the germanium material system boasts decades of maturity and large industrial scalability, the limitations of its physical properties dictate the reach of its potential applications. For this reason, the development of new heterogeneous structures that combine the attractive attributes of germanium with the unique properties of other developed material systems may help push the boundaries of innovation in both science and commercial industries. Among these applications, low-cost MWIR sensing and imaging is of considerable interest, with widespread applications not currently being accessed by germanium-based opto-electronic devices. While germanium has proven its effectiveness in the short-wave infrared (SWIR) regime, here we create a novel heterogeneous material structure by depositing MWIR absorbing monocrystalline n-PbSe film on p-Ge substrate, forming a p-n heterojunction with room temperature MWIR photovoltaic detector capabilities. Traditionally, materials such as PbSe and Ge have been found difficult, if not unsuitable for fabricating heterogeneous structures due to their large difference in lattice constant and thermal expansion coefficient. These dissimilar properties often give rise to strain-induced defects, ruining interface and bulk phenomena that researchers may hope to exploit with their material system. While IV-VI materials such as PbSe show promise in numerous MWIR optoelectronic and topological applications, the limitations of growing high-quality monocrystalline films on both low-cost and scalable substrates have been a major point of interest for researchers in recent years[41]–[45]. Due to both availability and scalability, IV-VI Pb-chalcogenide semiconductors such as PbSe are often grown on many dissimilar substrates inhibiting the formation of high-quality monocrystalline films. Further, while most of the substrates being used for epitaxial growth such as BaF2, CaF2, KCl, and SrTiO3 may provide beneficial mechanical, thermal, and optical properties, they are also electrically passive insulators in the heterostructure acting only as a platform to grow epitaxial films. Direct Growth of PbSe on an electrically active substrate could combine the merits of two materials and offer new device structures to advance state-of-the-art performance while reducing cost and increasing scalability[46]. Combining high-quality monocrystalline PbSe with relevant Si, Ge, or III-V material systems would improve a host of device applications including MWIR lasers, detectors, thermoelectric devices, and topological crystal insulators. However, the direct growth of high-quality PbSe films on electrically active substrates is exceedingly difficult due to the challenges discussed above. For example, direct growth on Si substrate without a CaF2 buffer layer tends to form cracks or has inferior material quality[47]. More recently, efforts have been made to expand the list of suitable substrates for epitaxial growth of PbSe to include III-V materials such as GaAs, GaSb, and InSb[7]–[9]. While there has been promising success on these substrates, each material system comes with its own design hurdles, such as small critical thickness, high defect densities, or electrically inactive use of the substrate/ film interface. Additionally, growth of IV-VI/III-V heterostructures face challenges regarding growth orientation due to the nature of defect slip planes. IV-VI rock salt structure materials like PbSe have a primary slip system along {001}<1 ̅10> resulting in preferential dislocation gliding along the {001} plane. The result of which is that the slip system for accumulated dislocations in PbSe films grown in the (100) orientation feel no resolved shear stress from in-plain strain, locking dislocations in place. This handicap for PbSe films grown in the (100) orientation is often avoided by using (111) orientated substrates. However, demonstration of high-quality monocrystal PbSe films grown in the (100) direction would allow for the utilization of the more industry standard (100) substrates, improving both production costs and scalability. For this reason, we chose to deposit PbSe films on Ge (100) substrates to take advantage of these attractive attributes. Conversely, epitaxial IV-VI films grown directly on CdTe substrates or composite CdTe/Si (211) substrates have been demonstrated, and mid-infrared detectors using PbTe/CdTe interface properties have also been reported[48]–[50]. However, there has been no report of devices that utilize the direct growth of thick monocrystalline PbSe film on electrically active substrates for device applications. Table 4.1 provides an extensive summary of PbSe growth’s current progress on both similar and dissimilar substrates.
[bookmark: _Ref111982356]Table 4.1 List of relevant substrate electrical and optical properties compared with PbSe.
	Material System
	Substrate Treatment
	Lattice Mismatch
(Å)
	Thermal Expansion Coef. Mismatch
	Bandgap
(eV)
	Electron Affinity
(eV)
	Crystallinity

	PbSe/CaF2/Si
	-
	12.1% (6.126/5.464/5.431)
	1.5% (19.4/19.1)
	0.27/12/1.17
	4.6/1/4.05
	Single

	PbSe/BaF2
[47]
	-
	1.19% (6.126/6.2)
	2% (19.4/19.8)
	0.27/9.1
	4.6/2.1
	Single

	PbSe(111)/
Si(111)
[47]
	-
	12.7% (6.126/5.431)
	746% (19.4/2.6)
	0.276/
1.17
	4.6/4.05
	Poly

	PbSe/KCl
[51]
	
	2.63% (6.126/6.292)
	46% (19.4/36)
	0.27/
8.4
	4.6/0.5
	Single

	PbSe(100) /GaAs(100)
[52]
	Te
	8.3% (5.653/5.431)
	338% (19.4/5.73)
	0.27/
1.41
	4.21/4.07
	Single

	PbSe (511)/
GaAs(211)B
[52]
	Te
	4.1%
	338% (19.4/5.73)
	0.27/
1.42
	4.6/4.07
	Single

	PbSe(001)/
GaSb(001)
[53]
	-
	0.5% (6.126/6.095)
	250% (19.4/7.75)
	0.276/
0.726
	4.6/4.06
	Single

	PbSe(001)/
InAs(001)
[53]
	PbSe
	1.1% (6.126/6.058)
	429% (19.4/4.52)
	0.276/
0.36
	4.6/4.9
	Single

	PbSe(111)/
InAs(111)A
[54]
	PbSe
	1.1% (6.126/6.058)
	429% (19.4/4.52)
	0.276/
0.36
	4.6/4.9
	Single

	PbSe/SrTiO3[55]
	
	56.8% (6.126/3.905)
	202% (19.4/9.6)
	0.276/
3.2
	4.6/3.57
	Topological Crystal Insulator

	PbSe/Ge
	Se
	8.2% (6.126/5.658)
	328% (19.4/5.9)
	0.276/
0.67
	4.21/4
	single



In addition to the interface and material quality, the band alignment of the heterojunction is exceedingly important for device applications. Figure 4.1 shows reported values of electron affinity (EA) and energy bandgap for PbSe and its most common substrate materials.
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[bookmark: _Ref111982007][bookmark: _Toc112017123][bookmark: _Toc112767585]Figure 4.1 Conduction and valence band edge alignment for PbSe and other relevant material systems.
Based on the EA values in Figure 4.1, PbSe forms a type-I band alignment with Si, GaAs, and InP, making them suitable for heterojunction light emitting devices, while the PbSe/InAs material system has a staggered type III band alignment. Among the listed substrate materials, Ge forms a type-II heterojunction with PbSe while adding its own host of attractive attributes, making it a suitable candidate for p-n heterojunction photovoltaic device structures. To date, low-cost PbSe MWIR photoconductors operating at uncooled or Thermoelectric (TE)-cooled temperatures remain the choice for many sensing and imaging applications[56]. Polycrystalline PbSe mid-wave infrared (MWIR) photoconductors have reported D* values at room temperature of 2.8×1010 cm·Hz1/2/W and 4.2×1010 cm·Hz1/2/W at ~3.8 µm, without and with antireflective coating[10], [27], [57]. Such high performance is attributed to its low Auger recombination rate at high temperatures. Auger coefficient in IV-VI semiconductors such as PbSe is roughly an order of magnitude lower than those in Sb-based type-II QWs, which are in turn significantly suppressed relative to other III-V and II-VI semiconductors such as MCT  with the same energy gaps[58]–[64]. Although very promising performance has been demonstrated by polycrystalline PbSe photoconductor (PC) focal planar arrays (FPA), several problems are still associated with their design, including film inhomogeneity, large 1/f noise and limited FPA resolution due to contact configuration for PC detectors. Ideally, if one could develop PbSe photovoltaic detectors with the same performance as its PC counterpart, these problems could be solved. Previous efforts to make Pb1-xSnx Se PV detectors using epitaxial films on Si with Pb Schottky junction have made significant progress, but the performance is inferior to MCT detectors[54]. One key performance limiting factor is the difficulty to make a p-n junction detector that can outperform its Schottky counterpart. The problem is due to impurity diffusion at the p-n junction interface. To solve these problems and further improve the performance, heterojunction CdS/epi-PbSe on Si substrate  and CdSe/PbSe detectors directly grown on conductive oxide/metal for monolithic integration with Si readout integrated circuit (ROIC) have been made[3], [15], [28]. However, the conduction band of CdS and CdSe seems somewhat higher than that of PbSe which could block some of the photo-generated carriers. For IV-VI MWIR/LWIR semiconductors with bandgap energies of interest in the range of 0.1-0.3 eV, it is very challenging to find proper materials to form heterojunction structures for photovoltaic detectors. The n-PbSe/p-Ge heterojunction has several unique advantages over the previous approaches. First, Ge serves not only as a substrate, but also as part of the heterojunction being a SWIR absorber and hole transport layer. Therefore, PbSe/Ge heterojunction monolithically integrates Ge and PbSe, naturally forming a dual-band MWIR/SWIR or PV detector. Second, the heterojunction could significantly reduce the dark current. Third, since Ge on Si substrate is commercially available, large-format PbSe/Ge/Si heterojunction detectors can be fabricated, as well as monolithically integrated PbSe /Ge/Si FPA on Si ROIC. Figure 4.2 shows a schematic drawing of band alignment of PbSe and Ge, and carrier transport of PbSe/Ge heterojunction.
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[bookmark: _Ref111982040][bookmark: _Toc112017124][bookmark: _Toc112767586]Figure 4.2 Schematic drawing of: (a) n-PbSe/p-Ge band alignment and (b)carrier transport in n-PbSe/p-Ge heterojunction structure.
In this work, we demonstrate a method for growing monocrystalline n-type PbSe on a p-type Ge substrate without the use of a thick buffer layer. The result of our efforts showcases both the ability to grow a thick monocrystalline film on a dissimilar substrate along with the formation of high-quality p-n heterojunction. The growth of monocrystalline PbSe on Ge has not been previously demonstrated, and the techniques employed here may allow for the introduction of other new combinations of materials to be explored.

II. [bookmark: _Ref112067809]Experimental Details
Material Growth and Characterization
[bookmark: _Hlk86669018][bookmark: _Hlk86668438][bookmark: _Hlk86668354]	The n-PbSe/p-Ge heterojunction was formed in a custom MBE system by direct evaporation of  99.9999% pure Se-rich PbSe in combination with a  99.999% pure Bi2Se3  as the n-type dopant. PbSe deposition was performed on a clean vicinal p-Ge substrate with carrier concentration of 1×1017cm-3 and surface orientation <100> with a 6ᵒ miscut towards <111> at a substrate temperature of 375˚C. A Bi2Se3 beam flux was maintained at 0.01% of the PbSe beam flux to achieve n-PbSe films with carrier concentrations of 8×1017cm-3. Before PbSe deposition, Ge substrates were cleaned by chemical method then loaded into the MBE for thermal cleaning to encourage desorption of the surface oxide layer. Surface treatment of the germanium substrate was performed at 400ᵒC using a 99.999% Selenium before depositing PbSe films. In-situ RHEED analysis was performed using the KSA 400 data acquisition and analysis software. Cross-section and surface morphology were observed by scanning electron microscopy (SEM) and atomic force microscopy (AFM) operating in non-contact mode (NCM). High-resolution XRD analyses were performed using a Rigaku Ultima IV diffractometer. Cu Kα radiation (40 kV, 44 mA) was used in parallel beam mode, and data analysis was completed using the MDI Jade2010 software with the ICDD (International Centre for Diffraction Data) PDF4+ database. Photoluminescence measurements were conducted in CW mode using a Bruker Fourier transform infrared spectroscopy (FTIR) apparatus. Current-voltage analysis was performed using a Keithley 2400 Standard Series Source Measure Unit.

III. [bookmark: _Ref112067821]Results and Discussion
In-Situ RHEED Analysis
In-situ RHEED measurements were performed before, during and after PbSe growth on germanium substrates. RHEED pattern changes were observed for both the Se surface treatment period as well as the nucleation stage and bulk growth portion of PbSe films. Transformation of the characteristic Ge RHEED lines were observed during the Se treatment period, with the disappearance of Ge reconstruction lines along with the formation of dots, indicating the presence of a new surface. This RHEED transformation could be caused by Ge-Se bonding that results in Se terminated surface, or formation of a very thin compound material such as GeSe, or GeSe2. However, there is no noticeable change in the diffraction pattern and line spacing, indicating the surface layer maintains the same crystal structure and orientation as the germanium substrate. Immediately after opening the PbSe shutter, the RHEED pattern quickly changes back to lines while decreasing in line spacing until stabilizing for the duration of the growth. Figure 4.3 shows the evolution of the RHEED pattern as the growth process develops.
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[bookmark: _Ref111982057][bookmark: _Toc112017125][bookmark: _Toc112767587]Figure 4.3 RHEED images of the: (a) cleaned vicinal germanium substrate with reconstruction, (b) substrate surface after Se treatment, (c) film surface during the first monolayers of PbSe growth (d) and the final 1µm thick PbSe film surface.
The initial RHEED pattern of the PbSe nucleation stage and thin bulk growth begins with a relatively diffuse line profile. As PbSe thickness increases, line intensity continues to increase along with decreasing line spacing and diffusivity. After roughly 11nm of PbSe deposition, RHEED line spacing stabilizes and remains unchanged for the duration of the growth. This phenomenon indicates the presence of a compressive lattice strain during the initial stages of PbSe growth, gradually relaxing with increasing film thickness until it reaches roughly 11nm. Further, the vicinal nature of the substrate can be observed in the RHEED line profile with the presence of a slight tilt and separation in the RHEED lines. Rotating the substrate 180˚ results in the same observed RHEED pattern but tilted in the opposite direction. Post growth RHEED analysis reveals a strong monocrystalline PbSe (001) orientated surface with no signs of polycrystalline grains. 

Microscopy
	Scanning electron microscopy and atomic force microscopy were used to both visually observe and investigate cross-section and surface morphology for the n-PbSe/p-Ge crystal structure. The SEM cross-section observed in Figure 4.4 reveals the epitaxial nature of PbSe deposited on vicinal germanium substrate.
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[bookmark: _Ref111982072][bookmark: _Toc112017126][bookmark: _Toc112767588]Figure 4.4 SEM image of PbSe on Ge: Surface image indicates a meandering growth mode of epitaxial PbSe films with no observable cracks over a large area, with the in-set cross-sectional image corroborating the RHEED observations of a bulk single crystalline PbSe film.
Within the resolution of the SEM, no indication of a sufficiently thick interface layer is present at the PbSe/Ge interface despite the Se surface treatment of the Ge substrate and resulting RHEED transformation. Glancing angle XRD, XPS, and Raman have been employed to further investigate on the Se treated germanium substrates without deposition of PbSe films, but there is no indication of any new surface material.  Future work aimed at investigating the presence of a possible interface layer between PbSe and germanium will involve cross-section transmission electron microscopy (TEM) in attempt to directly observe the bonding nature of this novel heterojunction interface. 
PbSe surface morphology observed by AFM surface profile indicates a slight surface roughening due to the apparent step-meandering nature of the PbSe growth, along with observation of long-range order parallel peaks and valleys as seen in Figure 4.5[65]. 
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[bookmark: _Ref111982087][bookmark: _Toc112017127][bookmark: _Toc112767589]Figure 4.5 AFM image of step-meandering growth observed in PbSe films: (a) 2µm x 2µm NCM surface profile scan, (b) 1µm x 1µm NCM surface profile scan, (c) 3D surface view, and (d) height profile measurement.

The AFM surface profile in Figure 4.5 reveals a surface morphology dominated by parallel growth peaks, separated by thin valleys of shallow depth. With most of the surface area dominated by the atomically smooth growth peaks, the average surface roughness of 1.8nm is mostly due to the thin valleys with an average depth of 5nm. However, with an average depth of only 5nm, coalescence of these growth areas is likely to occur in the bulk film resulting in a uniform monocrystalline bulk PbSe layer as observed in cross-sectional SEM. While the influence of growth temperature and deposition rate has been previously reported for films grown on vicinal substrates, for materials with dissimilar lattice constant and thermal expansion coefficient, the effectiveness of these parameters on enhancing epitaxial growth becomes drastically reduced.[66] In our case, the Se treatment period of the Ge substrate seems to play a critical role in lowering the interface energy of Pb adatoms on the growth surface, allowing for sufficient surface diffusion contributing to enhanced nucleation and subsequent layer-by-layer growth. Without this procedure, Pb and Se adatom interactions dominate over the Ge surface inducing three-dimensional adatom clusters, resulting in Volmer-Weber growth, leading to the formation of polycrystalline grains. Observation of this effect can be found in the supplemental materials sections using top-view SEM on a PbSe film surface deposited on a bare germanium substrate. 

Photoluminescence and X-Ray Diffraction
	XRD was used to identify characteristic PbSe peaks and verify the in-situ RHEED measurements which indicate the successful growth of monocrystalline PbSe on germanium. First, a wide-angle scan was performed to identify all possible contributing peaks, followed by rocking-curve XRD to investigate PbSe full-width half maximum (FWHM), as seen in Figure 4.6. 
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[bookmark: _Ref111982116][bookmark: _Toc112017128][bookmark: _Toc112767590]Figure 4.6 XRD pattern for the n-PbSe surface deposited on vicinal germanium substrate: (a) wide-angle scan and (b) rocking curve.

The only major identifiable peak belongs to PbSe (002), with minimal contribution from the equivalent (004) PbSe peak. High-resolution rocking curves taken along the (002) axis reveal a FWHM of 248arcsec for the dominating PbSe peak. Table 4.2 provides a comparison of the measured FWHM value for PbSe deposited on Ge (100) with PbSe films deposited on other dissimilar substrates with the potential for type-II band alignment, along with FWHM values reported for PbSe grown on nearly lattice matched and thermal expansion coefficient matched insulating BaF2 (111) and CaF2/Si (111) substrate respectively.
[bookmark: _Ref111982373]Table 4.2 Comparison of measured and reported XRD FWHM values for PbSe films on foreign substrates.
	Structure
	Orientation
	Thickness (nm)
	FWHM (arcsec)

	PbSe/Ge
	(100)
	1,000
	248

	PbSe/GaSb[53]
	(100)
	15ML
	---

	PbSe/InAs[53]
	(100)
	310
	181

	PbSe/InAs[54]
	(111)
	2,000
	1700

	PbSe/BaF2[67]
	(111)
	1,000
	90-275

	PbSe/CaF2/Si[68]
	(111)
	1,000
	140-300



Compared to PbSe films deposited on other dissimilar substrates, the PbSe on Ge shows a markedly improved FWHM value, indicating strong crystalline material quality. The low measured FWHM value for PbSe on InAs (100) was only achievable for the optimized 310nm film thickness. Thinner PbSe films on InAs (100) were found to have a larger FWHM of 444 arcsec, while thicker PbSe films formed cracks and increased dislocation densities due to the buildup of stress.[53] Further, while the PbSe film on lattice matched BaF2 substrates often obtain the lowest FWHM values, the PbSe film on Ge has a measured FWHM falling neatly within the typical range expected for PbSe films deposited on the nearly lattice matched and thermal expansion coefficient matched BaF2 and CaF2/Si substrates. Photoluminescence measurements were also employed to investigate material quality. Figure 4.7 compares room-temperature continuous wave (CW) PL intensity values for the n-PbSe/p-Ge crystal structure with PbSe films deposited BaF2 substrate.
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[bookmark: _Ref111982134][bookmark: _Toc112017129][bookmark: _Toc112767591]Figure 4.7 Room-Temperature CW PL spectra of PbSe films deposited on Ge and BaF2.

Significant blue shift of the PbSe PL peak was observed for both PbSe on Ge and BaF2 substrates. This is attributed to the heating effects associated with CW pumping of the samples, where the low thermal conductivity of germanium (60.2 Wm-1K-1) and BaF2 (11.72 Wm-1K-1) result in a higher PbSe lattice temperature than the heat sink temperature.[69] In comparison, PbSe on Ge shows promising CW PL properties with more than a magnitude higher PL intensity compared with monocrystalline PbSe on lattice matched BaF2 substrate, indicating strong crystalline material quality. With such promising PL recorded for PbSe on electrically active Ge substrates, this novel heterostructure may also find use in MWIR light emitting device applications.

Current-Voltage Statistics
	Current-voltage (I-V) measurements were taken on the 270µm x 270µm pixel contacts, ranging from -0.5V to 0.5V. Strong p-n junction behavior was observed at room temperature, with consistently large rectifying factor and low reverse bias current densities for all pixels as seen in Figure 4.8. Current density (J) calculations used only the pixel area covered by the Au contact fingers to avoid overestimation of J-V performance. The low series resistivity measured for the n-PbSe/p-Ge material structure indicates the formation of an ohmic contact, ensuring direct characterization of the heterojunction behavior absent any influence from poor contact formation. Table 4.3 provides a list of both measured and calculated values of interest indicating strong p-n junction behavior suitable for room temperature MWIR detector applications.
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[bookmark: _Ref111982144][bookmark: _Toc112017130][bookmark: _Toc112767592]Figure 4.8 Room Temperature J-V statistics.
[bookmark: _Ref111982383]Table 4.3 Measured and calculated values of interest.
	Structure
	Contact Dimension
	Shunt Resistivity
(Ω cm)
	Series Resistivity
(Ω cm)
	Rectifying Factor for 0.5V to 
-0.5V
	Current Density at 
-0.1V
(mA/cm2)

	n-PbSe/
p-Ge
	270µm × 270µm
	4.03×103
	0.766
	2,609
	1.9



J-V analysis of the n-PbSe/p-Ge heterostructure reveals a high resistance reverse bias p-n junction formation with a low reverse bias current density of only 1.9mA cm-2 under -100mV reverse bias. Such strong p-n heterojunction behavior utilizing the MWIR PbSe absorber with SWIR Ge absorber could find great success in MWIR and SWIR photodetector applications, with easy integration into two-color detector systems[16]. While the current J-V statistics is attributed to the n-PbSe/p-Ge heterojunction, further investigations will be performed to determine the possible influence the Se treated interface has on the overall carrier flow behavior. Future work will include more in-depth analysis on the properties and role the interface has on the resulting heterogeneous structure, and may help illuminate underlying mechanisms at play, aiding in the optimization and control of this n-PbSe/p-Ge heterostructure for device applications.




5. [bookmark: _Toc112065340][bookmark: _Ref112067868]Enhancement of PbSe Epitaxial Thin-Films on Silicon Substrates

I. [bookmark: _Ref112067885]Introduction
	Integration of MWIR absorbing PbSe films on the silicon platform has been a longstanding goal of researchers seeking to push the MWIR optoelectronic application opportunities to higher yields suitable for commercial industries. Over the years, researchers have explored many different techniques for improving lead selenide film quality on silicon substrates, exploring the application of various buffer layers, multi-stage growths, and post-growth treatment conditions[47], [70]–[73]. However, researchers have yet to reduce the defect density of epitaxial lead selenide films on silicon low enough to be competitive with other state-of-the-art MWIR material systems such as MCT. Currently, the best method for producing high-quality single crystalline lead selenide films on silicon is to use a calcium fluoride buffer layer combined with a post-growth annealing process to reduce the intrinsic defect level through diffusion and annihilation of defects via lead selenide’s native defect slip system. The 9x105 cm-2 EPD, the lowest reported value, was achieved by our group here at the University of Oklahoma by growing PbSe on a patterned Si substrate[74], [75]. However, these methods still fall short of other competitive MWIR material systems such as MCT, with a defect density roughly an order of magnitude larger, resulting in a Shockley-Read-Hall (SRH) limited device performance. Further, the current growth methodology of epitaxial lead selenide films on silicon shows obvious signs of inefficiencies regarding favorable growth mechanisms, with the presence of observable growth pits and anti-phase defects present on the film’s as-grown surface. These disruptions to the otherwise atomically smooth PbSe surface are often used to identify the efficacy of a system’s growth conditions and environment for producing high-quality films. For the case of epitaxial PbSe films grown on silicon substrates, surface features such as growth pits and anti-phase defects can range on the order of 103-105 cm-2 depending on the quality of the growth[76], [77]. Analysis of these surface defects combined with etch pit revealing, gives researchers direct insight into the quality of their deposited films, where PbSe still finds its struggles when grown epitaxially on silicon for commercial MWIR optoelectronic applications. 
Discussed here are the initial results of our efforts in expanding upon the current state-of-the-art growth methodology for MBE grown epitaxial PbSe films on Si(111) substrates. By introducing a periodic stepped growth surface during the nucleation of PbSe adatoms deposited on vicinal Si(111) 6° (100) substrates, we observe a drastic reduction in as-grown surface defects, along with reduced etch pit densities, making this technique a promising method for producing high-quality epitaxial PbSe films on silicon substrates not limited by Shockley-Read-Hall effects. Such films would find numerous applications in MWIR optoelectronic devices, with the ability to fabricate high performance and high-yield throughput PbSe-based platforms directly integrated onto silicon.
II. [bookmark: _Ref112067924] Experimental Details
	Growth of Lead selenide thin films were performed in a custom multi-growth chamber molecular beam epitaxy system. Lead selenide films were deposited on 3-inch Si (111) 6° (100) substrates using a 99.9999%-pure Se-rich compound PbSe effusion source with a separate 99.9999%-pure Se effusion source. The PbSe:Se beam flux ratio was held at 10:1 to discourage selenium desorption from the film. Double-side polished vicinal Si wafers were cleaned using a modified Shiraki cleaning recipe followed by a thermal cleaning process at 850°C inside the MBE fluoride growth chamber. After thermal cleaning, the substrate temperature was reduced to 780°C, and a 99.999% pure calcium fluoride effusion source was used to grow a 2nm thick buffer layer at a deposition rate of 0.1Å/s. After depositing the CaF2 buffer layer, the sample was transferred in vacuum to the lead selenide growth chamber, where a 1.2μm thick PbSe film was subsequently grown at a substrate temperature of 380°C. In-situ reflection high-energy electron diffraction (RHEED) analysis was performed using the KSA 400 data acquisition and analysis software. Surface morphology was observed by scanning electron microscopy (SEM) and etch pit revealing was performed with a custom alkaline etching solution to expose PbSe defects. 
III. [bookmark: _Ref112067938]Vicinal Surface and Nucleation
	Periodic stepped surface conditions resulting from the large vicinal tilt of the Si (111) substrate surface orientation with a 6° tilt towards the (100) plane was purposefully introduced to encourage a modification of the Pb and Se adatom surface kinetics during nucleation. Recent studies have found that the impact of adatom surface diffusion and arrangement are heavily impacted by the presence of a high-density of atomic step edges, and have shown promise in improving heteroepitaxy film quality where large mismatches are observed[78]–[80]. While the current growth models for heteroepitaxy on nominal surfaces predict the nature of adatom-surface interactions and subsequent bulk growth quite well, the same equations which describe their dynamics in a given growth environment do not work well for films grown on a vicinal surface with greater than >1° of vicinal tilt. However, experimental evidence has shown a potentially favorable impact resulting from this modified growth surface, with the ability to form misfit accommodations steps resulting from the periodic step edges. Further, orientation preferred nucleation often results from the anisotropic surface energy influenced by the orientation dependent direction of the vicinal tilt, reducing the number of mismatched orientated grains which may contribute to the formation of defects and anti-phase boundaries as overgrowth occurs and islands begin to coalesce. 
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[bookmark: _Ref111122227][bookmark: _Toc112017131][bookmark: _Toc112767593]Figure 5.1 (110) RHEED of PbSe nucleation and 1.2μm bulk growth on CaF2 buffer layer on silicon: a) PbSe deposited on nominal Si(111) substrate with off-orientation RHEED spots, and b) PbSe deposited on vicinal Si(111) 6° (100). 
Figure 5.1 shows the in-situ RHEED observations of the nucleation and bulk 1.2μm thick epitaxial PbSe thin films on CaF2 buffer layer on Si substrates. Immediately, one can observe by eye the vicinal nature present in RHEED images by way of the off-angle tilt of the RHEED pattern compared to growth on nominal silicon substrates. During the nucleation stage of the PbSe growth, an initial 3D island Vollmer-Weber growth mode dominates. As overgrowth continues, these 3D island either coalesce or become imbedded underneath a layer-by-layer Frank-Van der Merwe growth of bulk PbSe, indicating a Stranki-Kranstanov growth mode, transitioning from 3D to 2D growth. While the RHEED evolution seems to proceed similarly for both the PbSe on nominal and PbSe on vicinal Si substrates, some critical information can be uncovered when observing the PbSe nucleation stage of growth. During this stage, PbSe proceeds in a 3D growth mode, with the presence of well orientated 3D growth sites. However, the PbSe films grown on nominal silicon substrates observe a small contribution of off-orientation islands, contributing to RHEED spots occurring at slightly different positions from the characteristic (110) PbSe RHEED pattern. Meanwhile, the PbSe nucleation on vicinal silicon did not see the same level of off-orientation island contribution. The nature of this observation implies that in both cases, where 3D island formation dominates during nucleation, the PbSe islands on vicinal silicon formed a higher degree of preferential orientation influenced by the seed crystal when compared to the growth on the nominal silicon substrate.

IV. [bookmark: _Ref112067950]Surface Morphology and Etch Pit Density
	Scanning electron microscopy was used to characterize the as-grown surface features for PbSe films grown on vicinal silicon substrates versus those on nominal silicon. While the surface defects discussed previously are of particular interest, another aspect of the film’s bulk surface morphology can help elucidate the growth environment’s impact on lead selenide’s developing growth mode. In previous experiments, where lead selenide films were grown on vicinal germanium substrates, an interesting effect on the film’s surface morphology was the presence of a meandering ripple pattern on the film’s surface parallel to the vicinal step edge direction[78]. This unique surface morphology indicated a step-meandering growth mode for PbSe films which is common to observe when growing on such high miscut angles. However, for vicinal growth, the step-flow growth mode produces the highest quality films and is marked similarly to layer-by-layer growth on nominal substrates with an atomically smooth bulk surface, absent any rippling effects or Hillock 3D growth sites. 
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[bookmark: _Ref110777502][bookmark: _Toc112767594][bookmark: _Toc112017132]Figure 5.2 Top-down SEM images of PbSe films grown on: (a) vicinal germanium substrate in Hillock’s growth mode, (b) vicinal germanium substrate in step-meandering growth mode, (c) vicinal silicon substrate in step-flow growth mode, and (d) nominal silicon substrate in layer-by-layer growth mode.[78] 
In Figure 5.2(a-c), different growth modes can be observed for PbSe films grown on vicinal substrates as indicated by their surface morphology. In Figure 5.2(a), PbSe films grown on vicinal germanium substrates with insufficient surface treatment proceeded in a strained Hillock’s growth mode. These films contain a high density of boundaries and imbedded grains within the bulk single crystalline PbSe film, resulting in poor material quality. Figure 5.2(b) presents the step-meandering growth of PbSe films on vicinal germanium substrates as indicated by the meandering ripple pattern observed on the film’s surface. In this case, sufficient changes to the surface kinetics from the substrate surface treatment process allow for higher adatom diffusion on the growth surface compared to previous Hillock’s growth, resulting in layer-by-layer terrace growth, which can meander across multiple steps to form the ripple effect observed. While this growth mode produces higher quality epitaxial films than the Hillock’s growth mode, the density of surface defects and anti-phase boundaries are elevated along the meandering step edges. In contrast, the work here on PbSe films grown on CaF2 on Si(111) 6° (100) substrates, the PbSe films proceed under a step-flow growth mode. This is well indicated by the atomically smooth surface morphology observed in Figure 5.2(c), showing no signs of 3D Hillock growth sites or meandering atomic step edges or terraces. Further, when compared to the traditional growth of PbSe thin films on CaF2 on nominal Si substrates, the PbSe surface morphology for the vicinal growth proceed entirely uninterrupted over large areas. In Figure 5.2(d), the atomically smooth PbSe film surface is disrupted by the protrusion of pyramidal growth pits and anti-phase boundaries. These surface disruptions have been well documented for PbSe thin films on CaF2 on Si, and are an indication of an unoptimized growth environment, likely due to the mismatched strain allowing for the formation of a high density of mis-orientated grains and AB bonding pairs[67], [75]. The surface SEM image provided in Figure 5.2(c) is therefore a novel accomplishment in the heteroepitaxy of PbSe films, showcasing the lowest density of surface defect disruptions for epitaxial PbSe films grown on silicon. It is important to note that the pristine surface observed in Figure 5.2(c) is not limited to this singular imaged area, but is in fact the normal observed surface imaged across the majority of the 3-inch wafer, bringing the density of growth pits and anti-phase defects down to below 10 per cm-2. 
After observing the step-flow growth surface and lack of surface defect disruption in as-grown films, PbSe thin films grown on vicinal and nominal Si substrates were dipped in an etching solution to expose etch pit defect centers.
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[bookmark: _Ref110780295][bookmark: _Toc112017133][bookmark: _Toc112767595]Figure 5.3 Top-down SEM images of etched PbSe films for: (a) PbSe thin films grown on CaF2 on nominal Si substrate, and (b) PbSe thin films grown on CaF2 on vicinal Si substrate.
Etch pit density revealing of the PbSe thin films on nominal and vicinal Si substrates shows an immediate contrast in defect density. For the growth of PbSe on the nominal Si substrate with a CaF2 buffer layer, the calculated defect density observed in Figure 5.3(a) is roughly 5×107 cm-2. This order of defect density is typical for as-grown epitaxial PbSe films grown on Si with the use of a CaF2 buffer layer and is often required to undergo a post-growth thermal anneal to further reduce the defect density by up to an order of magnitude to approach state-of-the-art PbSe material quality on Si. However, the calculated as-grown defect density for the new PbSe deposition on vicinal Si substrates observed in Figure 5.3(b) showcases a record-breaking density of only 1.5×105 cm-2. This drastic reduction in etch pit density, along with the removal of as-grown surface disruptions resulting from growth pits and anti-phase boundaries indicates a more favorable growth condition for mitigating the mismatch strain effects associated with the heteroepitaxy of PbSe thin films on Si than previously reported. The low etch pit density observed for the PbSe films on vicinal Si have now approached the level of state-of-the-art MCT and T2SL Sb-based material systems, making this technology a potential candidate for high-performance MWIR optoelectronic device applications. 


6. [bookmark: _Toc112065337][bookmark: _Ref112067604][bookmark: _Toc112065341][bookmark: _Ref112067982]n-CdSe thin films on IV-VI PbSe for MWIR Photovoltaic Detector Applications

I. [bookmark: _Ref112067622]Introduction
	Lead selenide has a long history in MWIR optoelectronic development, with more recent attention focused on the fabrication of MWIR detectors pushing beyond the cryogenic barrier. A major reason for the resurgence in popularity of PbSe-based MWIR detectors was the recent demonstration of a record-breaking room temperature MWIR detectivity (D*) of 4.2×1010 Jones by Prof. Shi’s group at the University of Oklahoma[57]. The detector technology used in this groundbreaking demonstration was based on the photosensitized PbSe-based photoconductor detector technology. However, limitations in the fundamental design of this PbSe-based photoconductor detector impeded its usefulness in commercial applications due to the 1/f noise and inhomogeneous nature of its film properties and therefore its pixel-pixel performance. Since then, attention has shifted towards developing a PbSe-based photovoltaic detector structure which could overcome the challenges faced by its photoconductor counterpart while maintaining high D* performance. The attraction of the photovoltaic detector technology is its ability to suppress dark current and encourage optically generated carrier collection due to its built-in potential. Using the built-in potential, the photovoltaic detectors would not have to undergo the same post-growth sensitization process used in the PbSe-based photoconductor films, which rely on porous or high surface area polycrystalline films to allow for the photosensitization process to take hold, contributing to their high degree of inhomogeneity. The result of this effectively means that researchers can use more advanced deposition techniques such as molecular beam epitaxy (MBE) to deposit films with atomically smooth surfaces and interfaces, and extremely homogenous electrical and optical properties, providing higher pixel-pixel performance ratios for fabrication of large-format focal plane arrays. In addition, 1/f noise in PbSe photovoltaic detector is significantly lower than its PC counterpart. Recently, II-VI/IV-VI heterostructures have been proposed as a viable candidate for MWIR photovoltaic detector applications. Initial demonstrations of thermally evaporated polycrystalline CdS thin films on PbSe were fabricated to produce the photovoltaic structure for MWIR detection. While the initial results from these experiments have shown great promise, issues with photogenerated carrier blocking and band alignment issues at lower operating temperatures have stunted their progress[3]. Here, we investigate the different routes in which a PV detector structure may be fabricated using II-VI n-CdSe films and IV-VI p-PbSe films. First, we demonstrate the fabrication of a polycrystalline n-CdSe on epitaxial p-PbSe PV detector structure and investigate its device behavior. Through our efforts, we subsequently find a new method for fabricating an all-epitaxial single-phase (cubic) n-CdSe/p-PbSe heterostructure and link its changes in detector behavior to its predecessors. The growth of a single phase (cubic-zincblende) epitaxial CdSe thin-film on single crystalline PbSe has never been previously reported, and its demonstration here showcases its potential for future design of enhanced MWIR PbSe-based photovoltaic detectors.

II. [bookmark: _Ref112067639]Experimental Methods
Formation of Polycrystalline CdSe on PbSe
Polycrystalline n-CdSe films were deposited by thermal evaporation using a 99.99% pure CdSe source material at a background pressure of 2×10-6 Torr and a substrate temperature of 200°C. the n-CdSe films were deposited at a growth rate of 10nm per minute to a total desired thickness of 300nm. The p-PbSe deposition was carried out by molecular beam epitaxy on a double polished high resistant Si wafer which was cleaned using a modified Shiraki cleaning method followed by an in-situ thermal cleaning process at 850°C. Subsequently, a 2nm thick CaF2 buffer layer was deposited at a substrate temperature of 800°C. The 1.2μm thick PbSe films were then grown at a lower substrate temperature of 390°C with an additional Se flux to control the p-type carrier concentration. 
Epitaxial Heterojunction Growth	
The epitaxial n-CdSe/p-PbSe heterostructure was deposited by MBE on freshly cleaved BaF2 (111) substrates with a background pressure of 1×10-8 Torr. BaF2 substrates were used for their excellent long-wave optical transmittance and similar crystal structure with PbSe, enabling epitaxial growth and subsequent back-side illumination detector design for device testing. PbSe thin films were deposited by direct evaporation of a 99.9999% pure 0.1% Se-rich compound PbSe effusion source in combination with a 99.999% pure elemental Se effusion source to achieve a p-type carrier concentration of 2×1017cm-3. Epitaxial CdSe thin films were then deposited using a 99.999% CdSe compound effusion source in combination with a 99.999% pure Bi2Se3 effusion source to encourage n-type doping. 
Polycrystalline n-CdSe/p-PbSe Measurement and Device Testing
The room temperature dark current density versus voltage (J–V) characteristic of the heterojunction device was performed by using Keithley 2400 source meter in the bias range from −1 to 1 V. The detector performance was then evaluated by a homemade detectivity measurement system. In this system, a calibrated 800 K blackbody from Infrared System Development was used as the standard infrared light source. A Thorlabs MC1F10 mechanical chopper was integrated to provide a frequency modulated heat source. The heterojunction diode was operated in photovoltaic mode with zero applied bias during the measurement. Without connecting to any preamplifier, signal and noise currents from the device were directly collected by a Stanford Research System SR830 lock-in amplifier.
Epitaxial n-CdSe/p-PbSe Measurement and Device Testing
In-situ RHEED monitoring of the growth evolution was captured and analyzed using the KSA 400 data acquisition and analysis software tool. Scanning electron microscopy (SEM) combined with x-ray diffraction (XRD) were used to corroborate the RHEED observations and examine the surface morphology and crystallography of the epitaxial CdSe thin-films on PbSe. A backside illumination detector structure was fabricated by lithographic process involving etching of CdSe mesa using a 3:1:1 mixture of 35% HCl acid, 85% phosphoric acid, and DI water for 20sec. Se washing was necessary immediately following the CdSe etching to remove the deposited selenium residue from the sample surface. This process consists of 98 wt% H2SO4 + 30 wt% H2O2 in a 3:1 volume to volume ratio.
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[bookmark: _Ref111300069][bookmark: _Toc112017112][bookmark: _Toc112767596]Figure 6.1 a) Configuration schematic of the n-CdSe/p-PbSe heterojunction mid-IR photodiode, and b) suggested energy band diagram of the n-CdSe/p-PbSe heterostructure. 
After forming the mesa structure, thermal deposition and lift-off of gold contacts were performed, and the sample was wire bonded for current-voltage analysis and radiometric measurements. The proposed band structure diagram in Figure 6.1(b) predicts a type-II heterojunction formation between an n-doped CdSe epitaxial thin film with a p-PbSe layer. Current-voltage measurements were performed using a Keithley 2400 source meter instrument with GPIB interface combined with the IV KickStart analysis software tool.

III. [bookmark: _Ref112067657]Results and Discussion
Polycrystalline n-CdSe/p-PbSe PV Heterostructure Route
Initial investigations of cadmium selenide films on PbSe were explored by thermal evaporation of n-CdSe films on epitaxial p-PbSe thin-films. Similar to the studies our group performed on CdS/PbSe heterostructures, the successful formation of a type-II band alignment between CdSe and PbSe resulted in strong rectifying behavior and subsequently demonstrated promising MWIR PV detector performance. Deposition of poly-CdSe films were performed on both as-grown epitaxial PbSe films and epitaxial PbSe films treated by a new high-temperature chloride passivation (HTCP) treatment method in effort to showcase enhanced device performance through the passivation of defect centers in the PbSe film.
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[bookmark: _Ref112758345][bookmark: _Toc112767597]Figure 6.2 Room-temperature dark current density-voltage (J-V) characteristics of poly-CdSe/PbSe PV detectors with and without HTCP treatment.
Figure 6.2 showcases the successful formation of a rectifying p-n heterojunction structure between poly-CdSe/PbSe, with a noticeable reduction in the reverse bias current density for the HTCP treated PbSe films. The room-temperature current density at 100mV reverse bias for the poly-CdSe/PbSe p-n heterojunction structure was 11.2mA/cm2 and 3.5mA/cm2 for the as-grown and HTCP PV detectors respectively.  Further, improvement of the rectifying factor for the HTCP treated PV detector structure can be observed in Figure 6.2, with an increase from 16.2 to 306 rectifying factor when comparing the current density at 1V and -1V for the as-grown and HTCP treated samples respectively. 
Subsequently, radiometric measurements were performed on both the HTCP and as-grown CdSe/PbSe material systems, observing promising room temperature PV detector performance.
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[bookmark: _Toc112767598]Figure 6.3 Comparison of the room-temperature spectral responsivity curves of the poly-CdSe/PbSe PV detector structure and the CBD-PbSe photoconductive detectors.
The relative response curve of the poly-CdSe/PbSe PV detector ranges from 1-5μm, with peak responsivity around 3.8μm and a cut-off wavelength of 4.6μm. This structure showcases an extended cut-off compared to the CBD-PbSe photoconductors, which typically observes a cut-off wavelength around 4.4μm. Detectivity measurements for this structure resulted in promising room-temperature performances, with a measured D* of 2.5×108 cm Hz1/2 W-1 and 8.5×108 cm Hz1/2 W-1 for the as-grown and HTCP treated CdSe/PbSe PV detectors respectively. Further, our group also investigated the integration of this technology with a new MWIR transparent contact layer formed by a CdSe:In film. The application of this CdSe:In MWIR transparent conductive layer produced a more efficient detector design, resulting in higher external quantum efficiencies and a further enhanced room-temperature D* of 1.02×109 cm Hz1/2 W-1 [81]. However, investigations by our group into the temperature dependent performance of these devices again showed abnormal behavior at lower temperatures similar to the CdS/PbSe PV detectors. Below 250K, the responsivity of the detector begins to plateau, limiting detector performance at TE-cooled temperatures. This phenomenon has been hypothesized to occur due to the positive temperature coefficient of PbSe, where the PbSe bandgap decreases with decreasing temperature rather than increasing as most other materials. This effect could potentially introduce a barrier below a certain temperature when the PbSe conduction band falls below the conduction band of CdSe. However, another mechanism which could contribute to this phenomenon is the presence of multi-phase CdSe grains in the polycrystalline film. In the presented work, the presence of both cubic-CdSe grains and hexagonal-CdSe grains contribute to the overall composition of the polycrystalline CdSe films on PbSe. This has been well documented by our group and other researchers by XRD measurements of CdSe/PbSe heterostructures [81], [82]. The introduction of wider bandgap hexagonal-CdSe grains can potentially increase the chance of forming a type-I band alignment with PbSe, especially at lower temperatures, resulting in the blocking of optically generated carriers. For this reason, our group decided to investigate new methods for fabricating an all-epitaxial single-phase (cubic) CdSe/PbSe heterojunction to promote a higher quality interface and remove potential barriers resulting from the hexagonal-CdSe grains. 

Crystallography and Surface Morphology of Epitaxial CdSe films on PbSe
In-situ RHEED measurements were performed during the MBE deposition of lead selenide and cadmium selenide epitaxial films on barium fluoride substrates. Special interest was focused on the nucleation and growth evolution of CdSe thin films on PbSe, since the single phase (cubic) epitaxial growth of CdSe on the IV-VI rocksalt crystal structure has never been reported. 
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[bookmark: _Ref111396762][bookmark: _Toc112017113][bookmark: _Toc112767599]Figure 6.4 In-Situ RHEED measurements of the characteristic [110] orientation for: a) 1μm thick PbSe film on BaF2, b) 3ML nucleation of CdSe on PbSe, c) 5nm of CdSe, and final 200nm bulk CdSe thin film.  
Observing Figure 6.4 the nucleation of CdSe shows a strong correlation with the growth surface, matching the structure and orientation of the PbSe seed layer while proceeding in a layer-by-layer growth mode. After the initial deposition accumulation exceeds 5nm, RHEED observations begin to show signs of roughening, with the formation of 3D spots along the [110] direction. The rest of the bulk 200nm thick CdSe growth proceeds virtually unchanged, with no noticeable contributions from varying CdSe crystallites, such as off-orientation cubic CdSe grains or formation of a secondary phase of wurtzite CdSe. Interestingly, line profile analysis of the CdSe RHEED images shows an identical diffraction spacing between the [110] CdSe and the [110] PbSe fringes. This indicates that epitaxial growth of CdSe maintained roughly the same lattice parameter as PbSe during the bulk of the 200nm thin film growth. Only during the last few nanometers of thickness did the line spacing begin to increase, indicating a decrease in the lattice parameter. While PbSe has a relaxed lattice constant of 6.12Å, literature indicates an expected lattice constant of 6.08Å for cubic CdSe. However, here we observe a slightly larger lattice parameter for the bulk CdSe film deposition closer to the 6.12Å of PbSe. This phenomenon is further investigated in the following XRD measurement and analysis of the as-grown heterostructure.
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[bookmark: _Ref111396146][bookmark: _Toc112017114][bookmark: _Toc112767600]Figure 6.5 XRD measurement of the epitaxial n-CdSe/p-PbSe heterostructure on BaF2 (111) substrate.
High resolution x-ray diffraction measurements were taken of the as-grown CdSe/PbSe heterostructure on BaF2. XRD scans of the main (111) substrate and layer peaks for PbSe and CdSe show a striking overlap of their diffraction peak contributions, as was expected from the RHEED investigation. The inset image in Figure 6.5 shows the deconvoluted peak contributions from the PbSe and CdSe layers, with a PbSe (111) peak position of 25.30° and a CdSe peak position of 25.38°. No off-orientation peak contributions were observed for either PbSe or CdSe, and neither were there any contributions from wurtzite CdSe, with characteristic peak positions at 23.4°, 24.8°, 26.5°, and 38.4°. The observations here corroborate the in-situ RHEED measurements observed during the growth of CdSe on PbSe, indicating unambiguously the successful formation of a single phase (cubic) bulk epitaxial CdSe thin film deposited directly on PbSe. 

Current-Voltage and Radiometric Measurements
Processing of a 30μm × 30μm pixel for I-V measurement was performed to investigate the potential p-n junction behavior between the epitaxial n-CdSe and p-PbSe films. 
[image: Diagram

Description automatically generated]
[bookmark: _Ref111742001][bookmark: _Toc112017115][bookmark: _Toc112767601]Figure 6.6 Room-temperature J-V characteristic of the epitaxial n-CdSe/p-PbSe heterojunction structure.
Figure 6.6 shows the J-V statistics for the as-grown n-CdSe/p-PbSe heterojunction structure, demonstrating strong room-temperature p-n junction behavior similar to previous investigations on poly-CdSe/PbSe devices. Notably, a strong rectifying factor is observed indicating the formation of a barrier for the reverse bias current, with a rectifying factor of 50 when comparing the current density at 0.5V forward bias and reverse bias respectively. Subsequently, the reverse bias current density at -100mV is only 7.5mA/cm2. While reports of similar levels of dark current density have been observed before in PbSe-based PV structures, the report here distinguishes itself in that the low leakage current was observed for the as-grown material structure without any post-growth passivation treatments. 
Temperature dependent radiometric measurements were performed from room temperature down to 230K to investigate the signal dampening phenomenon observed in our previous CdSe/PbSe efforts. The as-grown n-CdSe/p-PbSe structure displays a temperature dependent signal increase at lower temperatures while maintaining similar noise levels resulting in higher detectivities. 
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[bookmark: _Toc112017116][bookmark: _Toc112767602]Figure 6.7 Temperature dependent peak Responsivity and D* measurements from 300K down to 230K under zero bias photovoltaic mode.
Using a 500°C blackbody infrared source with a 750Hz chopping frequency, the room temperature 30μm × 30μm pixel achieved a peak responsivity of 0.06A/W and a D* of 6.5×108cm Hz1/2 W-1 under zero bias photovoltaic operation. With decreasing temperature, the optical signal increased by almost an order of magnitude as it approached 230K while maintaining a similar level of noise, achieving a responsivity of 0.441A/W and a D* of 4.4×109cm Hz1/2 W-1 at 230K. The temperature dependent behavior observed in this new single phase epitaxial n-CdSe/p-PbSe heterojunction device sheds light on the inverted temperature dependent behavior phenomenon observed by the previous explorations of similar CdSe/PbSe PV detector structures. Here, this new epitaxial interface between cubic PbSe and CdSe films without any contributions from hexagonal-CdSe grains demonstrates the first example of the CdSe/PbSe PV detector structure continued increase in signal and detector performance all the way down to TE-cooled operating temperatures. Further, the as-grown detector performance of this new technology demonstrates an almost 3x D* increase at room temperature compared to the as-grown poly-CdSe/PbSe PV detector structure. Combined with the previous studies on device enhancement using post-growth treatment techniques and enhanced device structure design, this new epitaxial p-n heterojunction structure demonstrates a promising advancement in the fabrication of enhanced II-VI/IV-VI interfaces and heterojunctions, with the potential for developing new state-of-the-art MWIR photodetectors operating above cryogenic cooling temperatures. 

7. [bookmark: _Ref112767990]Post-Growth Treatment of Oxygen Deficient Cadmium Oxide Thin-Films for MWIR Transparent Conductive Contacts

I. [bookmark: _Ref112068009]Introduction
The development of MWIR transparent conductive oxides (TCOs) is an attractive research effort due to their ability to enhance device performance of optoelectronic devices. This research is influenced by the high electrical conductivity and optical transparency exhibited by metal oxides such as Cadmium Oxide (CdO) [83]–[88], Indium Tin Oxide (ITO), Zinc Oxide (ZnO), and Fluorine doped Tin Oxide (FTO) [89]–[91]. Although research around the visible light spectrum has seen major progress in recent years, infrared regions extending beyond near infrared (NIR) have yet to experience comparable growth in the development of suitable TCO films. The successful fabrication of a low-cost transparent conductive material operating in the MWIR region would find numerous applications in devices such as thermal photovoltaics[92], hot carrier solar cells [93], photodetectors [94], and transparent electrodes [95]. More recently, research on metal nanowire networks [96], carbon nanotube and graphene-based films [97], were reported as promising candidates for MWIR TCMs. However, these approaches involve either discontinued nanostructures as a conducting medium resulting in air holes, or fragile films that are difficult and expensive to fabricate. BaCuSF [98], was reported as a promising p-type MWIR TCM, however, its conductivity still needs further improvement. The most exciting advancement recently was the demonstration of CdSe:In thin films as a MWIR transparent conductive electrode on a MWIR PbSe/CdSe photovoltaic detector structure by molecular beam epitaxy [81]. Among other material systems, previous research efforts have indicated the potential for using CdO as a low-cost n-type TCO. The fabrication of CdO films is achievable through various deposition techniques, such as molecular beam epitaxy [88], spray pyrolysis [99], DC Magnetron sputtering [100], solution growth techniques [101], and activated reactive evaporation [102]. However, most of these studies have not focused on the optical properties extending to the MWIR region. In this paper, we demonstrate a slight variation to the traditional reactive magnetron sputtering techniques used to fabricate CdO films. Instead of using an oxygen partial pressure during growth to control oxygen vacancy levels in CdO films, our CdO films were deposited absent any oxygen partial pressure, creating purposefully oxygen deficient CdO films, but with more stable levels of oxygen vacancies between growths. Subsequently, various post growth annealing conditions of oxygen deficient CdO films were investigated, providing more enhanced control of Oxygen atom inclusion in CdO films needed for tailoring CdO optical and electrical properties. Investigation of optical transmittance was performed by FTIR, while Hall measurement, SEM, and x-ray diffraction were employed for optimizing and characterizing electrical and structural properties of CdO films.

II. [bookmark: _Ref112068021]Experimental Details
CdO films were deposited by a custom built 3-target DC magnetron sputtering system using a single two-inch CdO hot pressed disk target (Ceramic, 99.999%). The magnetron sputter system employed by our experiments utilizes a tilted target configuration with respect to the sample holder plane. For this reason, a large separation distance of 25cm from target to holder was needed to ensure homogeneous growth on the substrate. The growth chamber was initially pumped down to 1.0x10-6 mbar, with the inclusion of Argon sputtering gas, raising the pressure to 0.025mbar. The sputtering pressure throughout the growth process was maintained at 0.03 mbar for two hours at 100mA and 500V, giving a total power of 50W. This method differs from traditional sputtering techniques, which typically involve an oxygen supply to the growth chamber. Previous studies include the use of either a pure Cd target, or compound CdO target, in combination with an optimized oxygen partial pressure during deposition [22]–[26]. Reactive sputtering of CdO films typically report oxygen partial pressures of 0.001-0.005mbar [25], [26], with variation in partial pressure being used to control oxygen vacancy levels. However, this technique does not provide adequate control of oxygen vacancy levels needed for operation as a MWIR TCO. In this paper, we report the use of a single CdO target for depositing CdO films in vacuum to achieve more consistent oxygen vacancy levels between growths. In vacuum, the hot-pressed target of compound CdO will maintain stoichiometry with little change in oxygen deficiency levels during the sputtering process. Optimized post growth annealing conditions are then used to further enhance TCO properties through the filling of Oxygen vacancies. Our experiments found that post growth annealing of oxygen deficient CdO films provide a wider range of control of oxygen vacancy levels when compared to the reactive sputtering technique. Substrate selection for CdO films involved consideration of post growth characterization, which required accurate measurements of both electrical and optical properties. For this reason, CdO films were deposited on insulating Calcium Fluoride (CaF2) substrates, cleaved and polished along (111) orientation. Insulating CaF2 provides the ability to perform accurate Hall Effect measurements while also providing excellent optical transparency for wavelengths extending beyond NIR. This permits investigation of the full optical spectrum of CdO films. Some relevant material parameters of CdO films and the CaF2 substrate are listed in 


Table 7.1.
[bookmark: _Ref110088563]


Table 7.1 Material Properties of Cadmium Oxide and Calcium Fluoride
	Material
	Lattice Constant
(Å)
	Refractive Index
	Thermal Expansion Coefficient
(K-1)
	Crystal Structure

	Cadmium Oxide
	4.695
	2.50
	14.0×10-6
	Cubic

	Calcium Fluoride
	5.462
	1.4338
	17.0×10-6
	Cubic



The deposited CdO films were grown to a thickness of 500nm. CdO films from the same growth run were cut into 1x1cm samples to perform a wide variety post growth treatment and characterization.

III. [bookmark: _Ref112068034]Results and Discussion
SEM and X-Ray Analysis
	Figure 7.1 provides the SEM surface and cross-sectional images of CdO films before and after annealing in oxygen. The cross-sectional SEM images reveal the highly directional polycrystalline nature of the CdO films, with grain widths ranging from 80-100nm. Comparing the top-down SEM images in Figure 7.1, grain size is observed to be relatively unchanged between as-grown CdO films and those annealed in oxygen. The vertical directionality of crystallites in the CdO film suggest the possibility for higher electron mobility along the vertical direction compared to the high number of boundary domains along the lateral direction.
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[bookmark: _Ref111986170][bookmark: _Toc112017134][bookmark: _Toc112767603]Figure 7.1 SEM images of CdO films for: (a) Cross-sectional view of as-grown, (b) top view of as-grown, (c) cross-sectional view annealed film in oxygen, and (d) top view annealed film in oxygen.

Energy dispersive x-ray (EDX) measurements were performed on both the as-grown and annealed CdO samples in effort to determine oxygen atom level incorporation. However, EDX measurements resulted in varying degrees of oxygen atom percentages between CdO films non-representative of expected oxygen atom to cadmium atom ratios. This is likely due to the high level of oxygen atom interstitials found in CdO films, resulting in values not correlative to oxygen vacancy levels responsible for changes in optoelectrical properties. Therefore, the relative difference in the filling of oxygen vacancies between CdO samples are inferred from measured optical and electrical changes from the as-grown film.
Powder X-ray diffraction (XRD) analyses were performed using a Rigaku Ultima IV diffractometer. Cu-K-alpha radiation (40 kV, 44 mA) was used in Bragg-Brentano mode with theta-compensating slits, curved graphite monochromator, and scintillation detector. Data analysis was completed using MDI Jade2010 with the ICDD (International Centre for Diffraction Data) PDF4+ database[103]. 
In Figure 7.2, XRD measurements of both as-grown CdO films and oxygen annealed samples show the presence of a singular dominating (200) CdO diffraction peak, with a slight contribution from the (111) orientation, coinciding with the highly direction columnar structure observed in cross-sectional SEM. Although there have been previous reports of (200) oriented CdO films deposited at higher temperatures [86], [104], these reports indicate that typical room temperature CdO prefers (111) orientation. Compared with (111) oriented CdO films, previous studies reveal that CdO grains grown along the (200) plane exhibit lower surface energy due to higher planar density, resulting in better quality CdO films with higher electrical conductivity [104]. The ability to grow (200) CdO films at room temperature could be attributed to the different growth method used in our experiment and may also contribute to the promising TCO properties found in our CdO films after annealing. 
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[bookmark: _Ref111986191][bookmark: _Toc112017135][bookmark: _Toc112767604]Figure 7.2 Stacked overlay of XRD patterns: Expected peak positions for CdO are denoted by vertical lines.

Electrical and Optical Properties
	The importance of electron concentration arises from its relationship to the material’s plasma frequency, which limits the optical transparency of incident light for longer wavelengths. The equation relating plasma frequency to carrier concentration is provided in SI units by the following.
……… 7.1
[bookmark: _Hlk89260692][bookmark: _Hlk89260662]Where ne is the carrier concentration, e is the charge of the carriers, m* is the effective mass of the carriers, and εo is the permittivity of free space. Equation (1) reveals that higher carrier concentrations will result in higher plasma frequencies. Therefore, to extend the optical transparency of CdO films into longer wavelength regimes, CdO films should exhibit the lowest possible carrier concentration for optimum transparency while still maintaining a high level of conductivity through enhanced mobility. Previous studies have shown that carrier concentration in CdO films is dominated by oxygen vacancies in the CdO lattice structure [83]. However, the presence of oxygen vacancies in CdO films not only reduce cutoff wavelengths for optical transmission, but also contribute to low carrier mobility through vacancy defects in the CdO lattice structure. Rather than controlling the oxygen vacancy levels during growth, we demonstrate the viability of performing post growth annealing in a pure oxygen environment to promote the diffusion of oxygen atoms into the material system. In this process, competition between oxygen atoms diffusing into the CdO film, versus those escaping, results in either a net increase or decrease of oxygen vacancies. For this reason, optimization is needed to determine a suitable temperature range for post growth annealing. In our experiments, CdO films from the same sputtering run were cut into multiple 1x1cm samples and annealed in oxygen for various amounts of time and temperatures. These conditions ranged from 30 minutes to 2 hours, and 200°C to 430°C. After numerous trials, we found an annealing time of 45min was sufficient to produce noticeable changes in CdO film electrical and optical properties. Further, annealing temperatures below 300° resulted in little change, while above 400°C resulted in a reversal of change from the desired regime of interest. Table 7.2 shows the measured changes in electrical and optical properties of CdO films annealed in oxygen for 45min compared to the as-grown film.
[bookmark: _Ref111982435]Table 7.2 Cadmium Oxide Electrical and Optical Properties for Different Post-Growth Annealing Temperatures
	Annealing Temperature 
(ᵒc)
	Electron Concentration
(cm-3)
	Sheet Resistance
(Ω/sq)
	Optical Transmission @5 µm
(%)

	As-Grown
	8.1×1019
	50
	0

	300
	5.9×1019
	70
	22

	370
	4.5×1019
	54
	30

	390
	3.3×1019
	44
	51

	410
	5.2×1019
	45
	35



Room temperature Hall Effect measurements were performed using the HEM-2000 Hall Effect Measurement System by EGK, which revealed interesting changes in electrical properties between as-grown and annealed samples. As-grown CdO films showed a Hall mobility of 30 cm2V-1s-1, and an electron concentration of 8.1x1019cm-3. The best sample produced by our experiments was annealed for 45 minutes at 390°C in oxygen, resulting in an enhanced Hall mobility of 84 cm2V-1s-1 and a reduced electron concentration of 3.3x10^19 cm-3. The electrical properties of this annealed sample are comparable to commercial ITO and FTO films, while FTIR measurements show an extension of the optical transparency well into the MWIR region as seen in Figure 7.3. The electrical and optical properties provided in Table 7.3 give insight into the comparison of commercial ITO and FTO films with our CdO sample.
[bookmark: _Ref111982446]Table 7.3 Comparison of MWIR TCO Tailored Cadmium Oxide’s Electrical and Optical Properties with Commercial ITO and FTO.
	[bookmark: _Hlk89079142]Material
	Mobility
(cm2/Vs)
	Sheet Resistance
(Ω/sq)
	Optical Transmission Cut-Off below 50%
(µm)

	CdO
	84
	43
	5

	FTO
	40
	15
	1.5

	ITO
	40
	10
	1.5



Optical transmission of CdO films were measured using a Bruker Instrument Fourier Transform Infrared (FTIR) Spectroscopy, covering the full spectral range from absorption edge to plasma cutoff. For the visible range, a Si detector element was used, while DTGS was used for measurements extending into the infrared region. Figure 7.3 shows the combination of these two measurements forming the full optical transmission spectrum for the CdO film treated at 390°C. Although there have been previous investigations into the optical properties of CdO films [86], [104], [105], these reports do not extend beyond NIR to include the full optical spectrum. The full transmission window of the CdO film annealed at 390ᵒc is presented in Figure 7.3a, along with a comparison of MWIR transmittance for as-grown and annealed samples in Figure 7.3b. 
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[bookmark: _Ref111986213][bookmark: _Toc112017136][bookmark: _Toc112767605]Figure 7.3 (a) Full optical transmission curve of CdO annealed at 390°c in oxygen, and (b) MWIR transmission of as-grown and annealed samples.

Figure 7.3b highlights the effect post-growth treatment has on CdO optical properties. Compared to the as-grown CdO film deposited at room temperature, the samples annealed in oxygen showed a major increase in the cut-off wavelength extending into the MWIR regime. Beyond 400ᵒc, the cut-off wavelength starts to blue shift again to lower wavelengths, indicating a turning point in which the filling of oxygen vacancies is becoming less efficient, likely due to the high thermal energy encouraging oxygen desorption away from the film. Further, the extension of the optical transmittance window to longer wavelengths is dominated by the change in slope of the cut-off edge as seen in Figure 7.3b. This implies a non-uniform plasma frequency in the annealed CdO films, which translates to a non-uniform, or depth dependent carrier concentration. This may be attributed to the nature in which oxygen atoms are introduced to the CdO films, where the diffusion process during annealing results in a graded profile for filling of oxygen vacancies. This effect results in a difference in number of filled vacancies with varying depth, where layers closer to the film surface experience higher oxygen atom interaction versus layers deeper in the film. The expected profile here would be a CdO film with lower carrier concentration near the film surface, and an increasing concentration approaching to the as-grown bulk near the substrate/film interface. While Hall Effect measurements observed a decrease in carrier concentration for the annealed CdO films, the magnitude of this decrease only relates the average concentration of the bulk CdO films. It may be that the difference in carrier concentration is even larger than measured when comparing shallow depth CdO layers of annealed samples versus the as-grown film.    
The optical bandgap of CdO is determined by the following equation [106],
…………. 7.2
Where  is the absorption coefficient, A is a constant,  is the photon energy, and  is the band gap energy. Observing the relationship between  and  in equation 2, and plotting the linear relationship of 2 versus photon energy, the band gap energy  can be found when . Figure 7.4 depicts this relationship, and shows that our CdO film results in an optical bandgap of , which falls within reported ranges of CdO bandgap [107].
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[bookmark: _Ref111986427][bookmark: _Toc112017137][bookmark: _Toc112767606]Figure 7.4 α2 vs. Photon Energy for the CdO film treated at 390ᵒC.

Comparing the experimental optical transmittance results with simulation, we further investigate the optical properties of CdO films by the transfer-matrix method. For the investigated region of 1-9μm, the Drude model was used to describe the wavelength dependent refractive index of CdO. The contribution of impurity atoms on the refractive index of CdO was not considered due to the high purity target used during growth. For CaF2, wavelength dependent refractive indices reported in reference [108] were used. For CdO, there are several parameters used in the Drude model, namely, the conductivity (), carrier concentration (), charge mobility (), sheet resistance () and the complex refractive index (). Where [109],
………….. 7.3
 is the complex dielectric function for CdO which can be found using the free electron Drude model [83], [110], [111].
……….. 7.4
Here,  is the high frequency dielectric constant (,  is the plasma frequency, and  is the damping factor describing the scattering and ohmic losses [86], [110]. 
………… 7.5
………..7.6
Where  and  are the permittivity of the free space and the electron’s effective mass respectively. For our calculation, is used for CdO [85], [110].
[bookmark: _Hlk89166712]Then, the reflectivity  of the CdO layer in terms of the dielectric constant with incident light perpendicular to the surface can be expressed as [83]:
 ……………..7.7
Knowing reflectivity  and some of the above-mentioned parameters such as the sheet resistance , and conductivity, the transmittance can be calculated using the following formula [83],
…………….7.8
Where  is the frequency dependent absorption coefficient, which is directly proportional to the extinction coefficient  [83]:
…………..7.9
The resultant simulation utilizing these equations gives a peak optical transmittance of 88.6%, which is slightly higher than our experimental result of 87.3%. This small difference may be attributed to scattering losses, or other loss mechanisms. Simulation of the optical transmission of CdO films using recorded parameters from Hall Effect measurement data and reported values of 𝜖∞ = 5.3, and 𝑚∗ = 0.21 𝑚𝑒, results in the following Figure 7.5a. Table 7.4 provides the experimental and fitting parameters used in Figure 7.5.
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[bookmark: _Ref111986445][bookmark: _Toc112017138][bookmark: _Toc112767607]Figure 7.5 Comparison of experimental vs. simulated optical transmission curves: (a) without fitting parameters, (b) fitting carrier concentration and mobility, and (c) fitting carrier concentration, mobility, and high frequency dielectric constant for the 390°c treated sample.

[bookmark: _Ref111982457]Table 7.4 Fitting parameters for CdO simulation curves.
	Simulated Transmission Curve
	Carrier Concentration
1019(cm-3)
	Mobility
(cm2/Vs)
	

	Figure 7.5a
	3.3
	84.2
	5.3

	Figure 7.5b
	5.0
	107.4
	5.3

	Figure 7.5c
	4.9
	87.3
	4.8



Observing the difference in peak position for the experimental and simulated curves in Figure 7.5a indicates that one or more material parameters used in the simulation differed from that of the CdO film. To investigate this difference, multiple possibilities were considered. One possible explanation involves an error in Hall Effect measurements due to the polycrystalline nature of CdO films, in which boundary domain scattering leads to lower measured mobility. Therefore, mobility and carrier concentration were allowed to vary during the subsequent simulation, fitting that of the experimental optical transmission curve. Figure 7.5b shows the new simulation produced from implementing the method described above. Although there is noticeable improvement in the simulated transmission curve compared to Figure 7.5a, a slight difference in peak position still indicates a difference in one or more CdO material parameters. Another source of error considered in our material system is the effective value of the high frequency dielectric constant 𝜖∞, compared to that of reported values. Due to the high number of boundary domains resulting from small grain size in our CdO films, non-uniform CdO density at the boundary domains of the crystallites may produce a lower average 𝜖∞. Considering a different value of 𝜖∞ for our CdO films, a best fit simulation was performed in Figure 7.5c. With an average high frequency dielectric constant 𝜖∞ = 4.8, the comparison observed in Figure 7.5c reveals a 10% decrease from reported values of 𝜖∞ for cadmium oxide films.


8. [bookmark: _Toc112065342][bookmark: _Ref112068050]SUMMARY

I. [bookmark: _Ref112068067]Results and Discussion
	Lead selenide is a narrow bandgap semiconductor with decades of maturity dating back almost a century, with lead-chalcogenides being used in the very first applications of MWIR detectors. Despite its age, lead selenide still has a large amount of untapped potential regarding its current state of performance. Prior to this body of work, no published research had been performed on the growth of PbSe thin-films on vicinal surfaces and substrates to promote higher quality and high-yield epitaxial thin-films for enhanced device performance and throughput. Further, little research has been published on the integration of heteroepitaxial p-n junction structures using PbSe with demonstratable MWIR detectivities near room temperature operation. Here, I’ve explored techniques for expanding the list of suitable substrate materials for epitaxial PbSe growth through the introduction of periodic stepped surfaces using vicinal substrates, along with demonstrated detector performance at room temperature operation from an all-epitaxial p-PbSe/n-CdSe heterostructure. I have also demonstrated a method for developing MWIR transparent contacts for improved device design by optimizing a post-growth treatment process on oxygen deficient CdO films grown by DC magnetron sputtering of a compound CdO source in an oxygen-free environment. Throughout my journey as a graduate research assistant, I’ve had the good fortune of working hands on in a wide variety of roles, from theoretical study of semiconductor properties and device behavior to deposition and synthesis using physical and chemical growth methods, along with implementation of state-of-the-art material characterization techniques, device processing and structure design, and device testing and analysis. During this time, I explored new techniques and heterogeneous material structures, one of which led to the growth of a completely new complex oxide thin-film, PbOxSe1-x, the results of which were published in the journal of Crystal Growth & Design. My efforts on the growth of epitaxial PbSe thin-films deposited directly on vicinal germanium to create a heterogenous two-color detector structure with demonstratable p-n junction behavior between severely mismatched lead selenide and germanium was also published, along with the development of a patent on this new technology. The findings from this work were also presented at the SPIE Defense & Commercial Sensing conference in Florida, and reignited interest in the IV-VI family for future MWIR sensing applications. Extending from this work, I have also demonstrated the positive impact a vicinal growth surface can have for epitaxial PbSe thin films grown on CaF2 buffer layers on silicon substrates. The uninterrupted atomically smooth PbSe surfaces resulting from this study has produced record low growth pit and anti-phase defect densities, along with record low etch pit densities using the standard PbSe etching conditions. 
 
II. [bookmark: _Ref112068085]Future Work
n-CdSe/p-PbSe Photovoltaic MWIR Detectors
	The demonstration of a successful deposition of single phase (cubic) epitaxial CdSe thin-films on a single crystalline IV-VI PbSe thin-film for the first time has opened doors for a new viable material structure for near room-temperature operation MWIR photovoltaic detectors. In the work presented here, this new epitaxial heterostructure demonstrated strong p-n junction behavior and room temperature detector performance along with enhanced temperature-dependent behavior at TE-cooled operating conditions compared to previous investigations of poly-CdSe/PbSe PV detectors. However, the performance measured here was only for the preliminary as-grown test structure for this new all epitaxial CdSe/PbSe heterostructure. For this reason, future work on optimizing the growth conditions and structure for MWIR detector applications will be extremely interesting. Optimizing the film thicknesses and doping concentrations for enhanced MWIR absorption and carrier collection should provide a positive boost to the observed detector performance. Further, implementing well developed PbSe post-growth treatment techniques such as high-temperature chloride passivation (HTCP), temperature cycling to reduce defect density, and the inclusion of an oxygen, iodine, or combination treatment conditions would find a significant improvement to the already promising device performance. Lastly, fabrication of this novel epitaxial heterostructure on commercially available material systems like silicon or germanium along with the integration of a transparent conductive contact such as CdSe:In would find a significant boost to its attractiveness for immediate applications in industry. 

Exploration of Vicinal Growth
	The work presented here showcased two new growth methodologies for depositing high quality epitaxial PbSe films on mismatched germanium and silicon substrates. The motivation for pursuing this initially came from other recent experimental studies of thin-film growth on vicinal surfaces, which showcased enhanced material properties on mismatched foreign substrates. However, the fundamental mechanisms which dictate the exact behavior of adatom interaction on these surfaces and their effects on the resulting bulk film are not fully understood when compared to growth models on nominal substrates. Beyond the lead selenide material system, I believe the impact of vicinal surfaces on adatom interactions and layer formation should be studied further to uncover the fundamental principles that guide their behavior. Monte-Carlo simulations of different miscut surfaces and precursors would be a good first step in uncovering some of its behaviors. In fact, our group has initiated some effort in this area, working with the chemistry department here at the University of Oklahoma to help develop some of these models using PbSe and Ge as a first step. Further, a systematic study of different materials grown on varying degrees of miscut substrates ranging from <1° to >10° would hopefully shine light on the impact of this newly modified growth surface. Interface studies such as STM, cross-sectional TEM, strain-mapping, and defect analysis among others are all important investigation techniques that would be helpful for improving our current growth models. Since lead selenide in particular has suffered largely due to its lack of a suitable substrate selection for high-yield high quality epitaxial films, I predict that future work in this area would find immediate applications in the MWIR sensing and imaging community.
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