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ABSTRACT 

Interfacial Engineering of Energy Storage and Quantum Information Materials 

 

Carlos G. Torres Castanedo 

 

This thesis centers on the interfacial engineering of materials as thin film systems with applications 

in lithium-ion batteries and superconducting qubits. The investigated materials include epitaxial 

lithium manganese oxide cathode subjected to different liquid electrolytes and an ionogel, 

epitaxial platinum thin films serving as current collector templates, and niobium hydrides 

generated through wet chemical etching.  

First, lithium manganese oxide thin films were subjected to a conventional electrolyte, an ionic 

liquid electrolyte, and an ionogel. The ionic liquid effectively suppresses Mn dissolution, 

enhancing electrochemical and structural stability. In situ X-ray techniques monitor changes 

during operation. Ex situ techniques confirm the dissolution suppression and highlight the role of 

the irreversibility of overlithiated lithium manganese oxides. In the conventional electrolyte, Mn 

dissolution and overlithiated phases are exacerbated due to the nature of the electrolyte. The use 

of the ionogel prevents Mn dissolution but leads to the formation of the irreversible phase due to 

inadequate physical contact.  

Second, platinum thin films were optimized to serve as current collectors. A two-step temperature 

process yields improved epitaxy while simultaneously maintaining ultra-smooth interfaces (<3 Å) 

and featuring high electrical conductivity (6.9×106 S/m). The platinum films were used as epitaxial 

templates for depositing and cycling lithium manganese oxide in an ionogel electrolyte.  
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Lastly, niobium hydrides were explored via fluorine-based etching processes, a standard step in 

fabricating superconducting devices. The rate of hydride formation depends on the fluoride 

solution acidity and the etch rate of the native oxide, which acts as a diffusion barrier for hydrogen. 

The resulting Nb hydrides detrimentally affect superconducting properties, increasing power-

independent microwave loss in coplanar waveguide resonators. Notably, Nb hydrides show no 

correlation with two-level system loss or device aging mechanisms.  

Results presented in this thesis offer significant insights into engineering strategies, unraveling 

the role of interfaces in different phenomena such as Mn2+ dissolution, interfacial contact with 

gel electrolytes, growth optimization of platinum current collector, niobium hydride formation, 

and losses associated with niobium hydrides. 
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CHAPTER 1: 

INTRODUCTION 

 

1.1 Motivation and Thesis Statement 

Well-understood interfaces are critical for the performance and functionality of materials within 

diverse scientific and technological domains. A single interface can often cause an intricate device 

with multiple materials to fail. This is observed in energy storage devices such as Li-ion batteries 

and quantum devices like superconducting qubits. Both are subject to extensive study and 

engineering efforts to improve their interfacial properties and enhance overall performance. These 

two areas are booming due to the increasing demand for energy storage and the promise of 

significant technological breakthroughs using quantum computing.  

In Li-ion batteries, establishing a well-engineered and stable electrode/electrolyte interface is 

critical to the battery efficiency and lifetime. Additionally, a carefully designed electrode/current 

collector interface aids in achieving higher power rate capability. Given the intricate nature of 

these electrochemical systems, meticulous attention must be devoted to each interface to uphold 

the overall integrity of the battery. In this context, in situ experiments emerge as the preferred 

method for understanding the interfacial mechanisms that unfold during battery operation.   

Similarly, interfaces play a critical role in superconducting qubits, hosting multiple loss 

mechanisms that can hinder the qubit’s ability to persist long enough to perform a computation. 
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These losses may arise from various factors, including materials selection, fabrication processes, 

and environmental noise. Therefore, understanding and mitigating these interfacial losses is crucial 

for achieving high fidelity and scalability.    

 

1.2 Thesis Organization and Roadmap 

This thesis aims to comprehensively explore the interfacial and structural properties of various thin 

film systems, including epitaxial LiMn2O4 cathode material, epitaxial Pt current collector, and 

polycrystalline Nb superconducting material. The research delves into distinct aspects, with the 

first two materials employed in a LIB setup involving different liquid electrolytes and one gel 

electrolyte, while Nb undergoes exposure to diverse fluoride-based liquid etchings for application 

in Nb superconducting resonator devices. The thesis structure is organized into thematic chapters, 

where Chapters 3 through 5 are dedicated to LIB research, and Chapters 6 and 7 focus on 

superconducting qubits. Chapter 7 provides insights into ongoing work, while Chapter 8 shows 

the overall conclusions. 

Chapter 2 provides a comprehensive overview of two synthesis and nine characterization 

techniques in the presented projects.  Special attention is given to X-ray techniques, pivotal for the 

success of the projects.   

Chapter 3 concentrates on LIBs, cathode materials, ionic liquid electrolytes, and current 

collectors. Chapter 4 presents detailed studies on the interfacial and structural aspects of epitaxial 

LiMn2O4 when exposed to various electrolytes. The chapter explores Mn dissolution, electrolyte 

decomposition, formation of overlithiated Li2Mn2O4, and physical contact through in situ and ex 
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situ experiments. Chapter 5 describes the growth optimization of Pt thin films for use as a current 

collector, employing various techniques to establish a suitable collector. The ultra-smooth film 

serves as an epitaxial template for depositing LiMn2O4 cathode, cycled in the ionogel electrolyte.  

Chapter 6 transitions to superconducting qubits, examining loss mechanisms associated with 

materials selection and fabrication processes. Various sources of loss, such as substrates, tunnel 

junctions, metallic films, and surface treatments, are explored. Chapter 7 investigates the impact 

of fluorine-based etching on film and resonator device properties, which is a common practice in 

superconducting qubits fabrication. The mechanism of Nb hydride formation and its connection to 

loss are established.  

Chapter 8 spotlights ongoing projects related to interfacial engineering for superconducting 

qubits, focusing on interfaces like Nb/air and Nb/substrate to comprehend and mitigate loss 

mechanisms. Chapter 9 concludes the thesis by summarizing key findings from the three main 

research projects.   
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CHAPTER 2:  

METHODS 

 

2.1 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) method that utilizes a high-

power pulsed laser focused on a target to induce an ablation process. This process occurs at 

sufficiently high energy densities (fluence), causing the laser to vaporize or ablate the material, 

creating a plume of particles, clusters, diatomic, atomic, and low-mass species.1 The plume then 

reaches the substrate, forming a thin film. Figure 2.1 illustrates a typical PLD system, often 

employing a UV excimer laser (KrF at 248 nm or ArF at 193 nm).  

A PLD equipment includes a vacuum system and gas inlets (e.g., O2, N2, Ar), ensuring deposition 

in ultra-clean environments and enabling adjustments to film stoichiometry and different 

deposition rates. The sample holder’s heating capability enhances crystallinity, while rotation aids 

in achieving uniform deposition. Various experimental parameters can be fine-tuned during thin 

film deposition optimization, such as substrate temperature, background gas and pressure, target-

to-substrate distance, fluence, and repetition rate. Additionally, reflection high energy electron 

diffraction (RHEED) can be utilized to monitor the initial stages of thin film growth. 

PLD offers numerous advantages over other thin film deposition techniques. First, its remarkable 

versatility allows the deposition of a wide range of materials, encompassing oxides, borides,  
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carbides, metals, semiconductors, and complex compounds. Secondly, the deposited film closely 

mirrors the stoichiometry of a single target, which is particularly advantageous in the growth of 

complex oxides like perovskites. Lastly, PLD presents significant opportunities for synthesizing 

epitaxial heterostructures and superlattices. 

Nevertheless, PLD has a few limitations associated, including relatively low deposition rates and 

challenges in large-area deposition. Overall, PLD is a versatile and impactful technique, valuable 

for thin film growth and the synthesis of complex materials. In this thesis, various thin films 

deposited by PLD at Northwestern University, including LiMn2O4, SrRuO3 Pt, amorphous Nb2O5, 

TiN, and Au, are presented and discussed.   

 

Figure 2.1. Schematic of a Pulsed Laser Deposition (PLD) system. Retrieved from Ref. 2 
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2.2 DC and High-Power Impulse Magnetron Sputtering  

Sputtering is one of the most conventional PVD methods due to its ease of implementation and 

suitability for industrial-scale applications.3 In direct current (DC) sputtering, a voltage ranging 

from 0 to 1000 V is applied across a rarified and inert gas, like Argon (Ar). When this gas 

breakdowns, it forms a glow discharge plasma. Subsequently, the positive ions generated from the 

plasma collide with the negatively charged electrode within the target. The transferred energy from 

these ions causes atoms/molecules to be ejected from the target surface, depositing them onto the 

substrate.  

An integral component of the sputtering system is the magnetron source, which generates a 

magnetic field directing the electrons along elongated paths near or at the target’s surface, 

increasing the likelihood of gas ionization. Figure 2.2 demonstrates the principle of  DC 

magnetron sputtering. The setup includes a vacuum system, magnetron, substrate holder, high-

 

Figure 2.2. Schematic illustration of the principle of magnetron sputtering. Retrieved from Ref. 3 
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voltage power supply, and working gases (Ar and reactive). Adjustments to parameters such as 

substrate temperature, reactive gas flow rate, sputtering power input, total gas pressure, substrate 

bias potential, and target-to-substrate distance enable the optimization of the thin film growth.  

An alternative to DC sputtering involves the implementation of a pulsed high-voltage supply. 

High-power impulse magnetron sputtering (HiPIMS) employs a periodic voltage where the peak 

power significantly exceeds the time-averaged power compared to DC sputtering, usually by two 

orders of magnitude.4 In HiPIMS, a higher proportion of the sputtered atoms become ionized, 

generating a highly ionized and energetic plasma. This distinctive plasma produces dense films 

with superior adhesion to those achieved with DC sputtering.5 In this thesis, niobium (Nb) thin 

films were deposited by both methods at Northwestern University, NIST or Rigetti Computing. In 

addition, other materials, including tantalum (Ta) and titanium nitride (TiN), have been explored 

at Northwestern University. 

 

2.3 X-ray Diffraction  

X-ray diffraction (XRD) can examine numerous material properties, including crystalline phase, 

lattice parameters, degree of crystallinity, preferential orientation, epitaxy, grain size, residual 

stress, film composition, and density of dislocations.6 Notably, XRD offers several advantages 

over other techniques. It is non-destructive, relatively fast, no sample preparation is needed, probes 

a large proportion of the area of the film, and in situ measurements are possible. However, it also 

has some drawbacks, such as poor spatial resolution and challenges to deconvolute multiple 

properties from XRD data.6 Within this thesis, X-ray techniques, including different scan modes 

of XRD, are extensively used.  
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X-rays are a type of electromagnetic radiation with wavelengths (λ) in the order of Angstroms (Å), 

comparable to the interatomic distance in crystalline solids. These rays can be generated using 

different methods. For instance, conventional laboratories use a metal anode within a vacuum tube, 

and synchrotrons consist of circular storage rings covering over a kilometer in circumference, 

housing charged particles in motion.  

When X-rays interact with an atom, they undergo scattering or absorption processes (as discussed 

in section 2.7). To understand the scattering effect, we can start with a free electron. The incident 

X-ray’s electric field exerts a force on the electron, causing it to oscillate. This oscillation generates 

electromagnetic dipole radiation, with an intensity dependent on the incident polarization and the 

observer's location. The Thomson cross-section shows that the overall electromagnetic radiation 

for a free electron, without relativistic or quantum effects, remains constant (6.65 × 10-29 m2), 

regardless of the incident light frequency.7  

In the case of an atom, its electron cloud with charge distribution ρ(r) will contribute to the total 

scattered radiation field. When the incident wave interacts with a volume element positioned at the 

origin and at a specific location r inside the atom (Figure 2.3 A), the wavevector k scatters from 

the atom to the direction specified by kʹ. The wavevector transfer, or scattering vector, is 

represented by Q=k-kʹ, and the scalar product of Q·r determines the phase difference. In an elastic 

event, where |k|= |kʹ| =2π/λ, the magnitude of Q is calculated as 2|k| sinθ=(4π/λ) sinθ, with θ 

representing the scattering angle.  

Q and r exhibit a reciprocal relationship: the real space is represented by r, while the reciprocal 

space is by Q. The total scattering length of the atom includes ρ(r) and the phase factor eiQ·r. 

Integrating these factors leads to the derivation of the atomic form factor, denoted as f0(Q),  
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describing the total scattering amplitude for an atom as a function of Q. For instance, when θ=0, 

f0(Q=0) equals Z (atomic number) at its maximum and decreases as Q increases due to different 

volume elements scattering out of phase. The scattering factor also includes a dispersion correction 

(fʹ(ħω)+ifʹʹ(ħω)) to account primarily when X-rays energy closely align with the energies of the 

scattered elements. 

When X-rays interact with a crystal with a periodic arrangement of atoms, Bragg’s law describes 

the condition for constructive interference:  

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 Eq. 2.1 

 

Figure 2.3.  Principles of X-ray scattering. (A) Scattering from an atom and (C) a crystal. An X-ray 

with a wavevector k scatters from an atom to the specified direction by kʹ. The atoms/molecules are 

organized in a lattice with position vector Rn and a lattice plane spacing d. (B) Schematic illustrates 

Bragg’s law in real space and its equivalence to the Laue condition in reciprocal space for a (D) 2D 

square lattice. Retrieved from Ref. 7 
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The diffraction of X-rays is visualized in Figure 2.3 B for an incident X-ray beam of wavelength 

λ at an angle θ onto a series of atomic planes of spacing d. n is an integer is referred to as the order 

of the diffraction maxima. Constructive interference occurs solely at specific Bragg angles (θB) 

corresponding to distinct interplanar spacings (dhkl), where hkl denotes the Miller indices of the 

crystallographic plane. 

While Bragg’s law specifies the condition for constructive interference, calculating the scattering 

intensity requires the specification of atomic positions withing the lattice. The lattice vectors (Rn) 

(Figure 2.3 C) and the position rj of other atoms at any lattice sites are used to determine the 

position of any atom in the crystal for  Rn + rj. The scattering amplitude is given by:  

 𝐹𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝑸) = ∑ 𝑓𝑗(𝑸)𝑒𝑖𝑸∙𝒓𝒋

𝑗

∑ 𝑒𝑖𝑸∙𝑹𝒏

𝑛

 Eq. 2.2 

The first term exclusively relates to the unit cell, while the second accounts for the sum over lattice 

sites. If Q·Rn=2π × integer, the second term simplifies to the number of unit cells N. To obtain a 

unique solution, Rn=n1a1+n2a2+n3a3, where ai denotes the basis vector, and ni are integers, requires 

the introduction of the concept of a reciprocal lattice. For the reciprocal lattice vector, 

G=ha1
*+ka2

*+la3
*, to satisfy G·Rn=2π × integer, Q=G. This expression, the Laue condition, 

signifies that Fcrystal(Q) is non-zero only when Q coincides with the reciprocal lattice vector.7 This 

condition aligns with Bragg's law and is illustrated in Figure 2.3 D for a 2D square lattice.  

X-ray instruments generally contain five major components: X-ray source, detector, incident 

optics, receiving optics, and goniometer (Figure 2.4 A).6 The X-ray source involves a heated 

tungsten cathode that creates electrons that further bombard the Cu anode (Figure 2.4 B). The  
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ionization process produces an X-ray spectrum (Figure 2.4 C) consisting of a continuous part due 

to electron energy loss collisions (Bremsstrahlung) and discrete fluorescent lines (Kα and Kβ) when 

electron vacancies in the K shell are filled by electrons from the L (2p) and M (3p) shells, 

respectively, of the Cu atom.  

The detector converts X-rays to electronic signals and is often categorized as 0D, 1D, or 2D based 

on its detection dimensionality. Some detectors can discriminate a narrow energy window to 

reduce fluorescence.8 The attenuator is crucial to avoid damaging the detector and non-linear 

response. 

The goniometer (Figure 2.4 D) determines angles among the source, detector, and sample surface. 

A basic goniometer allows variation in the angle between the incident beam and the sample θ and 

 

Figure 2.4. Overview of the components of a diffractometer. Schematics of: (B) Diffractometer, (C) 

X-ray tube and its (C) emission profile, (D) notation for the angles and degrees of freedom in a 

diffractometer, and. (E) 2-bounce and 4-bounce channel-cut crystal monochromators. Retrieved from 

Ref.6  
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between the incident beam and the detector 2θ. These two angles are coupled for powder 

diffraction but decoupled for thin films. In such a case, the incident angle is denoted ω. Additional 

degrees of freedom include φ (rotation or azimuthal angle) and ψ (tilting angle), granting access 

to in-plane and off-specular information, aiding in pole figure and epitaxy determination. A four-

circle goniometer, offering four degrees of freedom, serves this purpose, while a five-circle 

goniometer, featuring an additional degree 2θχ (in-plane 2θ angle), provides enhanced capabilities, 

like the Smartlab Gen 2 9kW equipment in the X-ray facility at Northwestern University.  

The choice of incident and receiving optics in diffractometers primarily involves two modes: 

Bragg-Brentano and Parallel Beam. Bragg-Brentano, typical in powder diffraction, uses a 

divergent X-ray beam focused back to a single point in the receiving slit, but slight sample height 

h misalignments can shift the measured peaks. Parallel Beam mode is recommended for thin films, 

utilizing a parabolic mirror after the source to convert divergent X-rays into a parallel beam, 

reducing systematic errors. Despite losing intensity from the beam, the parallel nature of the X-

rays guarantees the beam will reach the sample with the same incident angle. The parabolic mirrors 

can also reduce the Kβ component and the Bremsstrahlung emission as they are designed to have 

limited efficiency in reflectivity wavelengths not close to Kα.6 However, Kα1 and Kα2 are too close 

to discriminate. For higher-resolution XRD, monochromators remove Kα2 and improve the Kα1 

resolution. Channel-cut crystal monochromators (Figure 2.4 E) commonly achieve a highly 

monochromatic beam. In these crystals, the X-rays diffract at least twice as they pass through the 

monochromator. 

Various XRD scans elucidate the properties of thin films. For instance, 2θ/ω scans help determine 

thin film crystallography. In this type of scan, the Bragg plane is aligned to the crystallographic 
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axis of the substrate and a symmetric scan is performed where ω is kept to half of 2θ. A single 

orientation is expected for epitaxial films with a single set of peaks in the pattern (Figure 2.5 A). 

In contrast, textured films enhance the relative intensity of some Bragg reflections and a reduction 

of others (Figure 2.5 B), compared to a powder diffraction pattern. Texture in films comes from 

various sources such as epitaxy, surface energy minimization during deposition, or the 

composition of different grains with different orientations.6 A critical parameter to quantify the 

crystallinity of the films is the grain size. The higher quality film will have a bigger grain size. The 

crystallite or vertical domain size in epitaxial films (Lz) corresponds to the coherent volume in the 

material related to the diffraction peak. It can be calculated by the Scherrer’s equation9: 

 

Figure 2.5. 2θ/ω and ω measurements in XRD. 2θ/ω patterns for (A) an epitaxial film and (B) a 

textured film.  The insets show schematics of the microstructure. (C) Schematic of a rocking curve 

measurement and (D) example of the resultant curves for a film on a single-crystal substrate. Retrieved 

from Ref 6 
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 𝐿𝑧 =
𝑘𝑠𝜆

(𝑐𝑜𝑠𝜃)𝛽 
=

2𝜋 𝑘𝑠

Δ𝑞
 Eq. 2.3 

Where ks is a shape factor (0.94), β the full width at half maximum of the peak (FWHM) of the 

Bragg peak in radians, and Δq the FWHM of the Bragg peak in q values (Å-1). The calculation can 

include instrumental resolution via quadrature √(∆𝑞𝑓𝑖𝑙𝑚
2 − ∆𝑞𝑖𝑛𝑠𝑡

2 ) in the denominator.  

To comprehensively explain a film’s epitaxy or texture, in-plane complement out-of-plane data. 

For instance, a thin film exhibiting texture exclusively in the out-of-plane orientation without any 

azimuthal dependence is classified as a fiber-textured polycrystalline film.10 Another observed 

scenario in 2θ/ω scans is randomly oriented polycrystalline films lacking preferential orientation, 

aligning with the powder diffraction pattern of the material. Additionally, amorphous films 

manifest broad, low-intensity peaks (if present) in these scans, indicating their non-crystalline 

nature. 

Another important XRD scan is the rocking curve (RC, ω scan), where the Bragg peak angle (2θB) 

remains fixed at the centroid position from the 2θ/ω scan, and a sample tilting in the ω axis occurs 

(Figure 2.5 C). This scan measures peak sharpness (full-width half-maximum, FHWM), reflecting 

film quality. For instance, epitaxial films exhibit smaller FHWMs (few tenths of degrees) than 

textured (dew degrees) or randomly oriented (several degrees) films due to fewer disruptions in 

the lattice planes.  Figure 2.5 D illustrates the FWHM difference between a single-crystal substrate 

(gray) and a thin film (brown). The width will depend on the spread of grains and the density of 

dislocations, disrupting the lattice planes' parallel nature. In this thesis, several rocking curve 

measurements were used to assess the quality of the deposited thin films.  
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2.4 X-ray Reflectivity 

X-rays, a form of electromagnetic waves, exhibit refraction when encountering an interface 

between different media, each characterized by an index of refraction n.  This phenomenon entails 

splitting the original X-ray wave into a transmitted (refracted) wave, which travels into the second 

medium, and a reflected wave, which propagates back into the first medium. Notably, in the high-

frequency dispersion limit typical for X-rays, n is found to be slightly less than 1. Consequently, 

this leads to intriguing effects like a total external reflection at angles α below a critical angle αc.
7 

Expressed as 𝑛 = 1 − 𝛿 + 𝑖𝛽, the index of refraction is defined by  and β. Here ,  is remarkably 

small, approximately on the order of  10-6, and can be computed as 2𝜋𝜌𝑟0/𝑘2, where  represents 

the electron density of the material, k the wavevector (2π/λ), and r0 the electron radius (2.82x10-

5Å). Meanwhile, β is associated with absorption processes within the medium leading to the 

attenuation of the X-ray intensity, and it is equal to μ/2k, where μ and is the absorption coefficient. 

By disregarding the absorption factor and applying Snell’s law at low angles, 𝛼𝑐 can be 

approximated as √2𝛿. Typically falling within the milli-radians range (0.2-0.5°), 𝛼𝑐 holds a 

proportionality to the electron density of the material.11  

The Fresnel equations, derived from boundary conditions at the interfaces, serve as a valuable tool 

to compute the intensity of ratios of incident X-ray waves with transmitted and reflected waves of 

two different media (Figure 2.6 A). The fraction of specularly reflected intensity denoted as 𝑅(𝛼), 

is given by 𝐼(𝛼)/𝐼0, where 𝐼0 represents the initial intensity of the incident X-rays. In the context 

of the momentum transfer along the z coordinate (𝑞𝑧 = 𝑘𝑟 − 𝑘𝑖 =
4𝜋

𝜆
sin 𝛼), where 𝑘𝑟 and 𝑘𝑖 

denote the wavevectors of the reflected and incident X-rays, respectively, the specularly reflected  
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intensity for the j-1 medium at an ideal interfaced, termed the Fresnel reflectivity (𝑅𝐹), is 

determined is given by: 

 

𝑅(𝑞𝑧) = |𝑟𝑗,𝑗−1|
2

= |
𝑘𝑗,𝑧 − 𝑘𝑗−1,𝑧

𝑘𝑗,𝑧 + 𝑘𝑗−1,𝑧
|

2

= |
𝑞𝑧 − √𝑞𝑧

2 − 𝑞𝑐
2

𝑞𝑧 + √𝑞𝑧
2 − 𝑞𝑐

2
|

2

= 𝑅𝐹 Eq. 2.4 

where qc is the momentum transfer at 𝛼𝑐 . For 𝑞𝑧 > 4𝑞𝑐, 𝑅(𝑞𝑧) ≈
𝑞𝑐

4

𝑞𝑧
4 , resulting in a rapid decline 

in reflected intensity as 𝑞𝑧 increases, a phenomenon depicted in Figure 2.6 B. When introducing 

surface roughness (), a Debye-Waller-like factor can be incorporated into the reflectivity equation 

as 𝑅(𝑞𝑧) = 𝑅𝐹𝑒−𝑞𝑧
2𝜎2

. This factor dampens the reflectivity, elucidated in Figure 2.6 C.  

 

Figure 2.6. Principles of X-ray reflectivity. Refraction for X-rays above the critical angle between two 

media (A) and a thin film on a substrate (D). Effect of different parameters on the XRR data: B) Large q 

values, (C) roughness, (E) thickness, and (F) electron density contrast. Retrieved from Ref. 12 
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For scenarios involving a thin film on a substrate comprising three distinct media (Figure 2.6 D), 

X-rays reflected from different interfaces exhibit constructive and destructive interference based 

on the incident angle, forming Kiessig fringes. The spacing between the maxima, denoted as  ∆𝑞 =

2𝜋𝑛1/𝑡, is contingent upon the film’s thickness (t). Figure 2.6 E illustrates the reduction in fringe 

maxima as the film’s thickness increases.   

Parrat’s formalism provides a pathway to calculate reflection and transmission coefficients 

quantitatively.13 Particularly for N=2 number of layers: 

 
𝑅(𝑞𝑧) =

𝑟1,0
2 + 𝑟2,1

2 + 2𝑟1,0𝑟2,1𝒄𝒐𝒔𝟐𝒌𝒛𝟏𝒕

1 + 𝑟1,0
2 𝑟2,1

2 + 2𝑟1,0𝑟2,1𝒄𝒐𝒔𝟐𝒌𝒛𝟏𝒕
 Eq. 2.5 

Where 𝑟𝑗,𝑗−1 is given in Equation 2.4 for the air-film interface (1,0) and the film-substrate 

interface (2,1). This expression accounts for various factors, such as the oscillatory behavior 

determined by terms associated with electron density contrast, represented by the bolded terms.13 

Figure 2.6 F illustrates the impact of electron density contrast on fringe visibility; a higher contrast 

between the film and substrate results in more distinct fringes.  

Parrat’s formalism, employed through recursion schemes incorporating surface roughness at 

different interfaces, is often utilized in multiple XRR-fitting programs, such as Motofit.14 

Alternatively, an approach involving a density profile 𝑓(𝑧) at the interface can be employed to 

determine the reflectivity for a graded interface, following the equation: 

 
𝑅(𝑞𝑧)

𝑅𝐹(𝑞𝑧)
= |∫ (

𝑑𝑓

𝑑𝑧
) 𝑒𝑖𝑞𝑧𝑧𝑑𝑧





|

2

𝐸𝑞. 2 Eq. 2.6 
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This equation, known as the master formula, offers an analytical expression for the density profile 

at the interface, often resembling an error function whose derivative takes the form of a Gaussian. 

Figure 2.7 A demonstrates the electron density profile, its derivative as a Gaussian function, and 

the solution to Eq.2, with the dotted line indicating an ideal interface and the continuous line 

representing the graded interface. This formalism provides a closed-form equation, and it is 

relatively good for higher angles than 𝛼𝑐.15 

X-ray reflectivity (XRR) is a valuable tool for swiftly analyzing various sample types. Figure 2.7 

B showcases how XRR enables the determination of thin films' density, thickness, and roughness. 

Notably, XRR does not necessitate crystalline material but somewhat lateral homogeneity and 

relatively smooth interfaces. It can provide crucial insights into buried interfaces and interdiffusion 

non-destructively.16 Moreover, with high resolution, XRR can measure thicknesses up to several 

 

Figure 2.7. Reflectivity master equation and summary of obtained parameters. (A) Evaluation of 

the reflectivity master formula illustrating the electron density profile, its derivative, and the evaluation 

of the equation for an ideal and non-ideal interface. (B) Summary of obtained parameters in an XRR-

fitting. Retrieved from Ref. 12 
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hundred nanometers.11 In this thesis, XRR extensively contributes to assessing interfacial quality, 

buried interfaces, and determining the thickness of numerous thin films.   

 

2.5 Cyclic Voltammetry  

Cyclic voltammetry (CV) is one of the most popular electrochemical techniques to explore 

reactions involving electron transfers, such as oxidation and reduction of a metal complex. This 

method involves varying the potential of an electrode in a solution while simultaneously tracking 

the resulting current. Throughout this process, the working electrode's potential is referenced 

against a specific electrode, such as Li+/Li, in the context of LIBs. 

Figure 2.8 visually explores the intriguing “duck” shape observed in cyclic voltammograms. It 

demonstrates concentration profiles (A-G) in relation to the distance from the electrode to the 

  

Figure 2.8. Principles of cyclic voltammetry. (A-G) Concentration profiles for Fc+ (blue) and Fc 

(green) as a function of the distance from the electrode to the solution for different instances during the 

voltammogram (H). Applied potential as a function of time for such experiment (I). Retrieved from Ref.17 
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electrolyte during various phases of the voltammogram (H). Additionally, (I) depicts the applied 

potential versus time. During the CV, the concentration of the species near the electrode undergoes 

dynamical changes, following the Nernst equation.18 The profiles (A-G) represent the ion (Fc+ in 

blue) and the neutral compound (Fc in green). During the negative potential scan (C-D), Fc+ is 

reduced locally at the electrode, resulting in a measurable current (e-). The intricate interplay of 

species within the electrode during the reduction and oxidation process gives rise to the distinct 

“duck” shaped voltammogram. 

It is essential to mention that Figure 2.8 follows the US convention, where reduction appears at 

the top of the voltammogram towards lower potentials. Conversely, in LIBs, the IUPAC 

convention is followed, with oxidation observed at the top of the voltammogram towards higher 

potentials. The IUPAC convention was used in the CV experiments presented in this thesis, and 

the voltammograms were referenced vs Li+/Li, the reference electrode.  

 

2.6 In-situ Synchrotron X-ray and Electrochemical Setup 

An in situ X-ray-compatible cell, designed by Dr. Timothy Fister from Argonne National Lab, was 

used to study the interfacial and structural evolution withing a LIB thin film setup. The cell, 

depicted in Figure 2.9 A, operates on the principle of transmission geometry”, allowing X-rays to 

pass through the circular opening during the experiments. Figure 2.9 B displays the various 

components of the transmission cell. The cell is meticulously sealed inside an Ar glovebox using 

specific components, including an alumina-coated 75 m Kapton window (#1), which is X-ray 

transparent, a Teflon flange (#2), and a Kel-f window clamp (#3), to ensure the integrity of the 

LIB materials such as the Li metal and the electrolyte. 
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The sample to analyze comprises a cathode thin film (LiMn2O4) deposited on a conductive 

electrode (i.e., SrRuO3 or Pt) atop a substrate (SrTiO3 or Al2O3) (#4). The height position of the 

sample holder (#5) can be adjusted using two stainless steel (SS) screws (#6). The contact with the 

sample is established through two SS compression springs (Lee, CIM010ZA) (#7) and two 

working SS electrode plungers (#8). To prevent electrode contact with the liquid electrolyte inside 

the cell chamber (visible in yellow in Figure 2.9 A), two 20-30 kfm O-rings (PSI) (#9), two Kel-

F plunger shells (#10), and one Kel-F working electrode clamp (#11) are employed. Finally, the 

cell assembly includes the Kel-F cell body (#12) attached to an Al goniometer adaptor (#13). 

A CHI 760E potentiostat is connected to the thin film and the Li metal through inlets shown in 

Figure 2.9 A. CV is conducted at a sweep rate from 0.2 to 0.5 mV/s within the 3.5-4.3 or 2.5-4.3 

 

Figure 2.9. Transmission cell used for the in situ X-ray experiments. (A) Cell fully assembled and 

(B) with all the components labeled 1-13. Retrieved from Ref.19 
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V range vs. Li+/Li. The setup utilizes a synchrotron X-ray beam and a Pilatus 2 D X-ray detector. 

The motivation behind employing synchrotron X-rays over lab-based X-rays is their extremely 

bright nature and flexibility in modifying the source wavelength. Synchrotrons like the Advanced 

Photon Source offer more than 10 orders of magnitude higher brilliance than a Cu X-ray rotating 

anode in a lab, allowing for the rapid collection of high-quality in situ data.20  

Moreover, using 20 keV energy in the synchrotron results in fewer X-rays being absorbed by the 

electrolyte compared to the 8.04 KeV from the Cu anode. For instance, the electrolytes used in this 

thesis displayed only 1-4% of transmission at 8.04 keV, while 77-83% at 20 keV over a 3 mm 

path, the lower limit for the ionogel electrolyte. However, a lower transmission will be achieved 

for ionic liquids and carbonate electrolytes as the X-rays pass through the cell chamber (16 mm).  

For instance, compounds like Lithium hexafluorophosphate (LiPF6), lithium perchlorate (LiClO4), 

or h-BN exhibit approximately 20 times more absorption at 8.04 keV compared to 20 keV, 

highlighting the significant absorption disparity.21 

 

2.7 X-ray Photoelectron Spectroscopy 

When X-rays interact with an atom, they exhibit two primary outcomes: scattering, as detailed in 

section 2.3, or absorption, where an electron is expelled (photoelectron). (Figure 2.10 A). This 

process is termed photoelectric absorption. The absorption cross-section of a material is inversely 

dependent upon the photon energy (~1/E3) and proportional to the atomic number Z (~Z4).7  

During the photoelectric absorption, an electron ejected from an inner atomic shell (K) creates a 

void, leading to intriguing phenomena. For instance, when an electron from the outer shell (L) fills 
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this vacancy in the K shell, it emits radiation, termed fluorescence, possessing an energy equivalent 

to the difference between the binding energies of the K and L electrons.  Alternatively, the emitted 

photon can expel another electron from an outer shell M, an Auger electron.  

The photoelectric effect can be capitalized with a spectrometer to discriminate the photoelectrons' 

kinetic energy (KE). Also, a monochromatic source with relatively low energy (hν), for instance, 

Al Kα=1487 eV or Mg Kα=1254 eV, is used, which sets the upper bound to KE. The binding 

energy (BE) of the electron, which inherently carries chemical information, is determined by the 

following equation: 

 𝐵𝐸 = ℎ𝑣 − 𝐾𝐸 − Φ𝑠𝑝𝑒𝑐 Eq. 2.7 

where Φ𝑠𝑝𝑒𝑐 is the spectrometer work function, which is a correction factor for the instrument. KE 

can be determined using the analyzer, and the BE can be determined. 

Figure 2.10 B displays the instrumentation of an X-ray photoelectron spectrometer. This setup 

requires ultra-high vacuum (UHV) to prevent photoelectron scattering off air molecules and reduce 

surface contamination.23 X-rays are generated by electron bombardment on an anode and then 

 

Figure 2.10. Principles of X-ray photoelectron spectroscopy. (A) Photoelectric effect, (B) instrument 

instrumentation, and (C) measurement. Retrieved from Ref.22 
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monochromated to eliminate excitation by additional X-ray lines and to increase the spectral 

resolution needed for chemical state differentiation. For instance, using a monochromator with an 

Al source decreases the linewidth from 0.9 eV to 0.25 eV.24 Finally, the photoelectrons from the 

sample travel in electrostatic fields within a hemispherical analyzer, allowing only electrons of a 

given energy to arrive at the photoelectron detector.  

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative analysis technique as 

the photoelectrons are typically emitted from a few nm (Figure 2.10 C). XPS is highly effective 

in identifying the chemical environment of atoms, where the oxidation state or nearest neighbors 

of an element affect the binding energies of the photoelectron peak. Another advantage of XPS is 

that X-rays are less prone to damage the samples when compared to electron-based techniques like 

Auger electron spectroscopy.25  

 

2.8 Time-of-flight Secondary Ion-Mass Spectroscopy 

Secondary ion mass spectrometry (SIMS) is a powerful analytical technique that bombards a 

sample’s surface with high-energy ions like Ar+, Ga+, Bi+, or Cs+. This bombardment triggers the 

emission of ionized particles, which are subsequently analyzed in a spectrometer. Although most 

ejected species are neutral, a spectrometer can detect and analyze the secondary ions. Figure 2.11 

illustrates the SIMS process. This technique is the most sensitive of all commonly used surface 

analytical tools. For instance, it can detect atomic dopant concentrations in silicon ranging from 

0.2% to as low as 2x10-6
 %.26 However, this exceptional sensitivity comes with a downside, 

resulting in complex spectra due to detecting numerous masses of ions and ion fragments.  
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The instrumentation comprises a focused primary ion beam, initiating collisions that lead to neutral 

atoms/molecules, secondary ions, and electron emission. Subsequently, a time-of-flight  (ToF) 

mass analyzer measures the time taken by each ion, accelerated by a pulsed voltage, to reach the 

detector in the scale of nanoseconds. For enhanced mass resolution (m/Δm), an ion reflector is  

sometimes employed instead of a linear analyzer. UHV is essential to increase the mean free path 

of the liberated ions. 

SIMS can be operated in static or dynamic mode. In the static mode, an extremely low dose of 

primary pulsed ions (<1013 ions/cm2) minimizes surface damage (“a tickle”), affecting less than 

1% of the top surface.28 Conversely, dynamic mode employs a continuous higher-energy primary 

ion beam for rapid sputtering rates and improved counting statistics.  Beyond its high sensitivity, 

SIMS offers superior spatial resolution (50-60 nm).29 Crucially, it possesses a high dynamical rate, 

facilitating fast data acquisition for depth profiling of various ions and 2D/3D imaging.27 However, 

SIMS does have some drawbacks. Its complexity lies in quantifying the obtained spectra due to 

 

Figure 2.11 Principles and applications of secondary ion mass spectrometry. Retrieved from Ref.27 
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matrix effects and the mixing and redistribution of elements caused by ion sputtering.30 Proper 

reference samples are needed for accurate quantification. Additionally, its destructive nature 

potentially alters the sample surface during analysis.  

 

2.9 Inductively Coupled Plasma-Mass Spectroscopy 

Inductively coupled plasma-mass spectrometry (ICP-MS) is a versatile technique employed across 

diverse fields to precisely measure trace elements within samples. Its remarkable capability is 

detecting elements at very low concentrations, often down to part per trillion, while maintaining 

high spectral resolutions. The process begins with an ICP, where atoms within the sample undergo 

ionization in a high-temperature Ar plasma, reaching temperatures as high as 10,000°C.  

The ionization sequence follows several stages. Initially, the aerosol sample undergoes 

desolvation, transforming into small solid particles. Then, these particles transverse the plasma, 

transitioning from a gaseous to a ground-state atomic form. Finally, ionization occurs primarily 

through collisions with energetic Ar electrons, converting the atoms into positively charged ions.28 

The resulting ions move toward the mass spectrometer, where they are sorted based on their mass-

to-charge ratio. To ensure precision in quantification, commercially available certified 

multielement standards are indispensable.31 

 

2.10 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a high-resolution imaging technique that uses a sharp tip that 

systematically scans across a sample. This process relies on the interplay of forces between the  
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 AFM tip and the cantilever's spring-like nature. The deflection is detected and measured using a 

laser reflected off the cantilever into a position-sensitive photodetector. A transducer, commonly 

a stack of piezo actuators, enables an electronic feedback loop, ensuring precise sample movement 

(XYZ Scanner). 

Coulombic and Van der Waals (VdW) interactions govern the AFM cantilever deflection. 

Coulombic forces, being strong and short-ranged, originate from electron cloud repulsion, whereas 

the VdW forces, being long-ranged and attractive, emerge from fluctuating dipoles.33 The AFM 

typically operates in contact (repulsion regime) and tapping mode (attractive regime). In contact 

mode (Figure 2.12 A), the electronic feedback loop maintains constant tip deflection, capturing 

the surface topography as a function of vertical motion. In tapping mode (Figure 2.12 B), the AFM 

cantilever oscillates near its fundamental frequency, essentially “tapping” the surface. The 

feedback loop maintains a constant oscillation amplitude, altering the tip-sample distance and 

generating a topographic image.    

 

Figure 2.12. Schematic of a cantilever-based atomic force microscope. Two measurement modes are 

presented: (A) contact mode and (B) tapping mode. Retrieved from Ref.32 
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AFM offers numerous practical advantages over other microscopy techniques, as it operates 

without a vacuum and requires minimal to no sample preparation. Additionally, the electrical 

conductivity of the sample is not a prerequisite for imaging.34 This relatively straightforward 

instrumentation has led to diverse developments in the technique. On the one hand, by modifying 

the instrumentation, various surface properties can be probed while simultaneously acquiring 

topography data.35 Techniques like lateral, Kevin Probe, conductive, magnetic, and pulsed force 

microscopy are commonly utilized. On the other hand, AFM finds application in nanofabrication 

tasks, including atomic manipulation, local anodic oxidation, and deposition pattering. 36 

 

2.11 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a powerful technique involving an electron beam 

interacting with an ultra-thin sample, producing a highly magnified image with less than 0.1 nm 

resolution.37 The resolution of this technique is impacted by the wavelength associated with the 

acceleration given to the electrons.38 The sample must be very thin (<100 nm) to effectively use 

the TEM capabilities to enable forward scattering, including direct beam, elastic and inelastic 

scattering, and diffraction phenomena. The latter is attributed to the wave nature of the electrons.  

The TEM instrument primarily comprises three key components: (1) a high-voltage electron beam 

and a condenser system that accelerate and focus the electrons onto the sample, (2)  a series of 

lenses that focus the electrons that traversed the specimen to form an image, and (3) an image 

recording system which converts the electron-based image into a visual form. 
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Compared to XRD, TEM offers several advantages, particularly in nanomaterials and phase 

exploration.39 Firstly, TEM possesses a significantly higher spatial resolution (a few nanometers) 

than XRD (hundreds of micrometers), enabling enhanced precision and detailing. Secondly, XRD 

demands more material due to the weak interaction between X-rays and matter. Lastly, routine 

XRD encounters limitations in probing non-periodic local structure features such as morphology, 

defects, grain boundaries, domain distribution, and phase segregation. In contrast, with its 

diffraction and spectroscopic capabilities, TEM is an unparalleled tool for correlating real-space 

imaging to chemical and structural properties with atomic-level spatial resolution.     

TEM is broadly classified into two imaging modalities: TEM and scanning TEM (STEM). In TEM 

mode, as illustrated in Figure 2.13 A, a parallel beam illuminates the sample, forming a diffraction 

pattern at the back (I) of the focal plane (II). The diffracted region can be chosen by introducing 

an aperture just after the back of the focal plane. Selected area electron diffraction (SAED) offers 

valuable crystallographic insights from different sample regions.  

An objective aperture in (I) forms an image using the transmitted and diffracted electron, which 

forms the essential signals of TEM. In the Bright Field mode (BF), only the transmitted electrons 

can pass through the objective aperture, while in the Dark Field mode (DF), only the diffracted 

electrons.  Because of this, images in BF (DF) mode will appear dark (light) in areas of crystalline 

or high-mass material (more diffraction effect).40 Figure 2.13 A illustrates the acquired 

information from electron diffraction and BF mode imaging.  

 In STEM mode (Figure 2.13 B), a convergent beam probes the sample using scanning coils, 

enabling rastering, imaging, and generation of secondary signals for spectroscopic analyses.  For 

instance, energy-dispersive spectroscopy (EDS) facilitates elemental composition determination.  
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 Various apertures can be used to acquire the generated scattered electrons: BF, annular BF 

(ADBF), annular dark-field (ADF), and high-angle ADF (HAADF). Of particular interest is 

HAADF, which captures information in the 50-200 mrad range, detecting inelastically scattered 

electrons (Rutherford scattering effect) as opposed to Bragg scattered electrons.41 This technique 

allows the proper differentiation of elements as the contrast is given by Z2, where Z is the atomic 

number.  

 

Figure 2.13. Overview of transmission electron microscopy techniques. (A) TEM and (B) STEM 

modes are presented. In TEM mode, reciprocal-space diffraction and real-space imaging are conjointly 

used. In STEM mode, various imaging modalities study the crystal structure, composition, and electronic 

structure. 4D-STEM provides the acquisition of multiple images in one data set. Retrieved from Ref.39 
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STEM can also be used for electron energy loss spectroscopy (EELS) (Figure 2.13 B), which is 

used to gather information about the sample’s chemical bonding, valence states, and electronic 

structure.42 These electrons interacted with the sample but suffered inelastic collisions. ELLS 

signal is significantly enhanced in conjunction with HAADF, as more electrons from the main 

beam reach the EELS detector.43 

 Similar to TEM mode, STEM is employed for diffraction purposes. Convergent beam electron 

diffraction (CBED) obtains diffraction patterns from regions smaller than one nm, enabling the 

study of strain mechanisms in materials.44 Furthermore, 4D-STEM generates orientation and strain 

mapping by recording a 2D image of the diffracted electron beam for each probe position, 

ultimately forming a 4D data cube.45 In this thesis, 4D-STEM was used to determine strain and 

phase mapping in different systems. 
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CHAPTER 3:  

INTERFACIAL ENGINEERING OF ENERGY 

STORAGE MATERIALS IN LI-ION BATTERIES 

 

3.1 Overview 

Due to their high energy density, Li-ion batteries (LIBs) have emerged as the primary power source 

for small-scale portable electronics. In the more than three decades since their initial 

commercialization, LIBs have attracted extensive research attention, notably driven by initiatives 

promoting green energy technologies and the adoption of electric vehicles.46 Despite their success, 

there is an urgent demand for batteries with higher stability and safety. This necessity is crucial 

for fully integrating LIBs into the transportation sector and electricity grids.47  

This chapter introduces LIBs, which will be further explored in chapters 4 and 5 in two research 

directions. The LIBs presented in this thesis were developed in a thin film geometry to investigate 

interfacial and structural phenomena. Chapter 4 focuses on the stability of a LiMn2O4 cathode in 

various electrolytes, while Chapter 5 concentrates on optimizing a Pt thin film current collector. 

This introduction emphasizes the key components of LIBs relevant to this thesis, including cathode 

materials, ionic liquid electrolytes, and current collectors. Additionally, the importance of in situ 

X-ray characterization tools to elucidate the interfacial behavior is discussed.    
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3.2 Li-Ion Batteries 

LIBs generally consist of two Li-hosting electrodes (cathode and anode), an electrolyte facilitating 

the migration of Li+ ions, and a separator preventing electron flow through the electrolyte. 

Additionally, current collectors link the cell terminals, transmitting electric current to the 

electronic device. Figure 3.1 illustrates the working principle of a LIB: during discharge, Li+ ions 

move from the anode to the cathode through the ionically conductive electrolyte, resulting in an 

accumulation of electrons at the anode. These electrons traverse an external circuit to reach the 

cathode, maintaining electronegativity. The reversible process (charge) is achieved by forcing the 

Li+ ions to return to the anode by applying a current or bias.  

 

Figure 3.1. Schematic of the working principle of a Li-ion battery during discharge. Retrieved and 

adapted from Ref.48 
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3.3 Cathode Materials for Li-Ion Batteries 

The cathode is the energy-limiting electrode due to its lower energy density.49 Graphite, a 

commonly used and cost-effective anode material, possesses a theoretical capacity of 372 mAh/g, 

significantly surpassing the theoretical capacity of widely employed cathodes like LiCoO2 (148 

mAh/g). Most commercially available cathode materials function through an intercalation 

mechanism, reversibly incorporating ions into vacant sites. This particular mechanism often results 

in modest capacities but showcases exceptional cycling performance by minimizing volume 

changes and mechanical strain during cycling. 50  

Three primary types of cathode materials are categorized by their crystal structure, hosting distinct 

intercalation channels. (Figure 3.2). The first type comprises layered compounds represented by 

the formula LiMO2 (M=Co, Mn, and Ni), exemplified by LiCO2 (LCO) (Figure 3.2 A). LCO 

possesses a crystal structure 𝑅3̅𝑚 featuring three slabs of edge-sharing CoO6 octahedra, offering 

a 2D pathway to diffuse Li+ ions. This cathode exhibits a substantial specific capacity and good 

cycling stability. Nevertheless, there's a desire for cathodes without cobalt due to its toxicity, high 

cost, and detrimental social impact. The second type involves spinel-type compounds with the 

formula LiM2O4 (M=Co, Mn, and Ni), exemplified by LiMn2O4 (LMO) (Figure 3.2 B). LMO 

belongs to the 𝐹𝑑3𝑚 space group and consists of an MnO2 framework that allows for a 3D 

diffusion pathway for Li+ ions. This cathode has excellent rate capability and is inexpensive and 

environmentally friendly. However, they are susceptible to substantial capacity loss, particularly 

at elevated temperatures. The third type comprises olivine represented by the form LiMPO4 

(M=Fe, Co, Ni, and Mn), such as LiFePO4 (LFP) (Figure 3.2 C). LFP belongs to the space group 

𝑃𝑛𝑚𝑎 and consists of a framework of the FO6 octahedra and PO4 tetrahedra, facilitating Li+ ion 
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movement through 1D diffusion channels. This cathode is environmentally friendly, possesses 

moderate energy density with rapid charging capabilities, and is employed in producing the safest 

batteries. Still, it suffers from low electronic and ionic conductivities. Figure 3.2 shows hexagonal 

spider graphs delineating the performance characteristics of these three major cathode materials. 

It is important to notice that each of the three cathodes presents a unique advantage that is not 

present in the others.  

 

Figure 3.2. Crystal structure and performance for three common cathode materials. Here, (A) 

LiCO2, (B) LiMn2O4, and (C) LiFePO4 are presented with their respective hexagonal spider graphs 

performance. The performance of the cathodes is shown in terms of specific energy or capacity, specific 

power or ability to deliver high current, safety, performance at hot and cold temperatures, life span 

showing the longevity and cycle life, and cost. Retrieved and adapted from Refs. 51, 52 
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3.3 Capacity Decay in LiMn2O4 

Since its discovery in 1983 by Thackeray, spinel LMO has been extensively studied as a cathode 

material. Despite its potential, LMO suffers from severe capacity decay, especially under elevated 

temperatures and at high and low potentials. 53 Different degradation mechanisms occur in LMO: 

Firstly, Jahn-Teller distortion of Mn3+ species originates at deep discharge, causing a large and 

anisotropic volume change, damaging the cathode. 54 Secondly, the loss of active Mn ions due to 

dissolution arises from disproportionation reactions of Mn3+, forming soluble Mn2+ ions. Thirdly, 

electrolyte decomposition triggered by trace amounts of H2O generates HF, which erodes the 

cathode’s surface. Other identified mechanisms include oxygen defects originating from materials 

synthesis or electrolyte decomposition, microcrack formation due to volume changes, and the 

deposition of Mn ions on the anode. Figure 3.3 illustrates these mechanisms and their synergy to 

cause capacity loss in LMO.   

 

 

Figure 3.3. The synergic reaction of capacity decay in LMO. Retrieved from Ref. 53 
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Liu et al. explained the connection between Mn dissolution and the dynamic phase stability in 

LMO.55 Discharging the LMO results in a soluble Mn3O4 phase through the disproportionation 

reaction of Mn3+ ions and the emergence of an over-lithiated tetragonal Li2Mn2O4 phase. The 

soluble ions exit the cathode, deteriorate its surface, and accumulate on the anode, obstructing Li+ 

transport channels and damaging the solid electrolyte interphase (SEI). Simultaneously, 

transforming from cubic LMO to the Li2Mn2O4 phase induces uneven volume changes, leading to 

irreversible phase alterations and particle cracking. Moreover, the electrolyte decomposition via 

hydrofluoric acid (HF) production continuously triggers Mn dissolution, further damaging the 

cathode. This cyclic process is accountable for the capacity decline observed in LMO.   

Numerous strategies have been employed to mitigate the capacity loss observed in LMO. One 

approach involves doping or partially substituting Mn3+ to reinforce the unit cell by reducing Jahn-

Teller distortion. Achieving enhanced cyclability through this method requires precise 

adjustments, wherein the guest ionic radius closely matches that of Mn3+, an increase in manganese 

oxidation state above 3.5, and optimal concentration control.56 Al3+ is one of the most promising 

options due to its abundance, environmental friendly, and low toxicity, which have shown 

potential.57. Several other elements have been proven effective, including Fe, Mg, Si, and B. 

Additionally, transition metals (TM) such as Ni2+ and Co2+ have been utilized to stabilize the LMO 

lattice.58, 59 Anionic doping with elements like N, Cl, F, and S has demonstrated enhanced 

resistance to HF attack, notably in the case of fluorine.60  

Several reactions occur at the cathode electrolyte interface (CEI), so different protective coating 

schemes have been proposed. Metal oxides like Al2O3
61, TiO2

62, and ZrO2
63, along with 2D-

materials like graphene64 or reduced graphene oxide65, have shown promise in protecting the  



61 

 

cathode from electrolyte decomposition reactions. Moreover, modifications in the electrolyte have 

been explored to counteract the rapid oxidation of electrolyte solvents. Strategies involve 

incorporating additives or substituting conventional electrolytes with ionic liquid and solid-state 

electrolytes.  

 

3.4 Conventional Electrolytes and Ionic Liquid Electrolytes 

Most state-of-the-art LIBs rely on organic liquid electrolytes known for their high ionic 

conductivities (10-3-10-2 S/cm). These conventional electrolytes are composed of Li-salts and 

organic carbonate solvents like ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl 

carbonate (DMC). However, employing such electrolytes carries substantial safety risks, including 

toxicity, flammability, and the potential for explosion when the LIBs are exposed to harsh 

conditions such as high-temperature, short circuits, and high temperature.66  

Furthermore, as mentioned in the previous section, these conventional electrolytes can decompose 

due to trace levels of H2O and interaction with the cathode. Computational studies have shown 

that EC, for example, can decompose with TM oxides via electrophilic attack, followed by EC 

ring-opening, dissociation, and carbonate dehydrogenation. 67   

An ideal electrolyte should possess favorable ionic transport properties, chemical, and 

electrochemical stability during cycling, low melting and high boiling points, low vapor pressure, 

and the ability to form a passive SEI. 68 The SEI is crucial as its composition and evolution govern 

the ion’s (de)desolvation and transport into the electrode. Ionic liquids (ILs), molten salts with a 
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melting point below 100°C and typically composed of a bulky asymmetric cation and a weakly 

coordinating anion, possess these desired properties. There is a significant interest in utilizing  

bis(trifluoromethylsulfonyl)amide (TFSI−) as an anion in combination with various cations for the 

electrolyte due to its ability to form a robust SEI.68  However, the adoption of Li-TFSI salt is 

hindered when used with organic solvents due to the anodic dissolution of the Al current 

collector.69  

A promising alternative lies in a class of electrolytes known as ionogels, derived from ILs and a 

gelling matrix, which shows promise for solid-state LIBs. These electrolytes offer advantages over 

ILs alone, including enhanced mechanical strength owing to their gel-like nature. This improved 

strength helps prevent the growth of Li dendrites, eliminating the need for a separator.70  

One such ionogel employs exfoliated hexagonal boron nitride (h-BN) as a gelling matrix to 

fabricate an ionogel composed of Li-TFSI salt and 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIM-TFSI).71 H-BN has many desirable attributes, such as 

chemical inertness, thermal stability, mechanical robustness, and electrical insulating nature. 

Figure 3.4 A demonstrates the preparation process of the ionogel, involving liquid phase 

exfoliation assisted with ethyl cellulose, followed by an annealing at 400°C for decomposition 

and, ultimately, gelation by mixing the h-BN nanoplatelets with the IL. Figure 3.4 B illustrates 

the use of this ionogel in a LIB without a separator, while Figure 3.4 C presents photographs of 

the ionogel.    
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3.5 Current Collectors 

Current collectors in LIBs bridge the electrical current generated in the electrodes with external 

circuits. Given that current collectors do not participate in the Li+ intercalation reactions, there is 

a strong preference for thin and lightweight variants to enhance the volumetric energy density of 

the LIB. Significantly, these materials must exhibit chemical and electrochemical stability 

throughout battery operation.  

Cu and Al are the most widely used commercial current collectors, as they generally demonstrate 

stability at anodic and cathodic potentials, respectively. Nevertheless, corrosion is still observed 

 

Figure 3.4. Schematic and working principle of a h-BN ionogel electrolyte. Schematics of the (A) h-

BN ionogel electrolyte preparation and (B) its use in LIBs.(C) Photographs of a vial with the h-BN 

ionogel electrolyte before and after flipping. Retrieved and adapted from Ref. 71 
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for both collectors under various operating conditions, both regular and extreme.72 To address this 

issue, alternative materials, structures, and treatments, such as etchings and coatings, are needed 

to enhance LIB performance further.73 

In the context of thin film batteries, the current collector functions as a template for the electrode’s 

thin film growth. The electrochemical properties of the electrode are highly dependent on factors 

like crystallinity and crystal orientation, particularly evident in LMO.74 Therefore, there is a need 

for optimized current collectors. Noble metals such as Pt and Au are of great interest due to their 

chemical stability, enabling the epitaxial deposition of electrode materials.  Using such materials 

holds promise for enhancing the overall performance of thin film batteries. 

  

3.6 In situ X-ray Techniques for Li-Ion Battery Research 

In situ techniques have emerged in recent years as the preferred method for understanding 

mechanisms within LIBs. This approach involves monitoring the evolution of the different battery 

components and interfaces under real conditions, such as electrochemical cycling. In situ stands in 

contrast to ex situ experiments where the cell needs to be disassembled. In situ analysis allows 

instant probing, mitigating the risks associated with contamination or relaxation of metastable 

phases.75 This methodology is necessary for solid-state batteries, where the removal of the 

electrolyte for post-mortem examination is prohibited.76  

A specific phenomenon extensively investigated through in situ experiments is the dissolution of 

Mn ions in LMO cathodes, encompassing ion dissolution, migration to the electrolyte, and 

deposition on the anode (DMD process).77 Figure 3.5 illustrates four examples of in situ  
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techniques applied to study the complex behavior and degradation associated with the DMD 

process. For instance, Uv-Vis spectroscopy detected the increase of soluble Mn2+ in the electrolyte 

during cycling (Figure 3.5 A).78 In a separate experiment, X-ray fluorescence microscopy 

monitored the Mn2+ deposition of the anode (Figure 3.5 B). 79 AFM revealed an increase in 

roughness attributed to the dissolution of one or two atomic layers of LMO. (Figure 3.5 C).80 

Additionally, X-ray absorption spectroscopy indicated an increment of Mn3+ in the LMO cathode 

after one cycle, which further leads to more soluble Mn2+ ions due to the disproportionation 

reaction (Figure 3.5 D). 81 

Beyond the DMD, numerous other mechanisms can be explored using in situ configurations. 

Figure 3.6 illustrates multiple in situ techniques employed to study a solid-state LIB. Ideally, some 

of these techniques can be used simultaneously with minimal to non-detrimental effects on the 

LIB performance. Microscopy techniques directly visualize changes in cell components, while X-

ray and neutron scattering offer insights into phase evolution and impurity formation. EDS and 

 

Figure 3.5. In situ techniques to study the Mn DMD process in LMO cathodes. Examples include: 

(A) UV-Vis spectroscopy, (B) X-ray fluorescence microscopy, (C) atomic force microscopy, and (D) 

X-ray absorption spectroscopy. Retrieved and adapted from Refs. 52, 78-81 
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XPS offer elemental composition information about intermittent products, and dynamic 

electrochemical mass spectrometry provides residual gas evolution.82 Due to the non-destructive 

nature of X-rays, X-ray-based techniques such as XRR and XRD offer a unique opportunity to 

monitor interfacial and structural evolution during cycling.83  

 

Figure 3.6. In situ techniques to explore the components and interfaces in solid-state LIBs. 

Retrieved from Ref.82 
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CHAPTER 4:  

ELUCIDATING THE CATHODE/ELECTROLYTE 

INTERFACE IN THE EPITAXIAL LiMn2O4 (111) / 

ELECTROLYTE SYSTEM 

 

This chapter is adapted from: 

Torres-Castanedo C. G., Evmenenko G., Luu N. S., Das P. M., Hyun W. J., Park, K. Y., Dravid, 

V. P., Hersam M. C. & Bedzyk M. J. (2023). Enhanced LiMn2O4 Thin-Film Electrode Stability in 

Ionic Liquid Electrolyte: A Pathway to Suppress Mn Dissolution. ACS Applied Materials & 

Interfaces, 15(29), 35664-35673. 

Torres-Castanedo C. G., Evmenenko G., Luu N. S., Hyun W. J., Park K. Y., Hersam M. C. & 

Bedzyk M. J. Interfacial and Structural Evolution of LiMn2O4 Electrode in h-BN Ionogel 

Electrolyte. In Preparation. 
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4.1 Overview 

Spinel-type lithium manganese oxide (LiMn2O4) emerges as a promising LIB cathode material 

due to its high theoretical capacity, wide availability of Mn, eco-friendly sourcing, low toxicity, 

and strong stability. Yet an unresolved critical issue is the loss of capacity caused by Mn2+ 

dissolution from the lattice to the electrolyte, which causes structural damage to the spinel 

framework and irreversible phase transformations. In situ XRR and XRD offer a unique outlook 

to connect Mn dissolution with phase stability by accessing interfacial and structural information 

during cell operation. Such an approach is possible using a model LIB system composed of 

epitaxial LiMn2O4 thin films with high-crystal quality and ultra-smooth interfaces.  

In this chapter, an ionic liquid replaces problematic organic carbonate-based electrolytes (i.e., 

LiPF6+EC/DMC) to interrogate Mn dissolution and phase stability. The ionic liquid electrolyte is 

composed of LiTFSI salt and EMIM-TFSI ionic liquid. The in situ X-ray results, gathered during 

cyclic voltammetry (CV), and a comprehensive ex situ characterization, including XPS, XRD, 

ICP-MS, and TEM, show that the ionic liquid suppresses Mn dissolution during and after nine 

wide-range cycles (2.5-4.3 V vs. Li/Li+). The organic carbonate-based (LiPF6+EC/DMC)  

electrolyte was used as a baseline for this study.  

Finally, an ionogel based on the same ionic liquid and exfoliated h-BN nanoflakes was used to 

study the cathode/gel interface. The in situ X-ray measurements show evidence of irreversible 

phase transformation with no Mn dissolution, which is attributed to improper interfacial contact. 

An ionic liquid interlayer was later introduced between the cathode and the gel to improve the 

contact, showing enhanced phase stability. These findings show the significant advantages of ionic 
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liquids and gels in suppressing Mn dissolution in LiMn2O4 LIB cathodes and the physical contact 

challenge limiting the practical use of ionogel electrolytes. 

 

4.2 Background 

LiMn2O4 (LMO) exhibits a cubic-spinel structure (𝐹𝑑3̅𝑚), with an average Mn oxidation state of 

+3.5 (Mn3+/4+). Within this lattice arrangement, Li and Mn cations occupy tetrahedral (8a) and 

octahedral (16d) sites, respectively, in a cubic close-packed array of O anions (32e). The LMO 

lithiation process involves two Li+ insertion events through the tetrahedral 8a and empty 16c 

octahedral sites. at ~4 V and ~3 V vs. Li/Li+.84 During Li+ extraction (x = 1 → 0), LixMn2O4 

maintains its cubic symmetry (-MnO2, 𝐹𝑑3̅𝑚) as Li+ migrates out of the tetrahedral 8a sites at 

~4 V vs. Li/Li+. In deep discharge, Li+ enters into the empty 16c octahedral sites at ~3 V vs. Li/Li+, 

resulting in a structural conversion to a tetragonal phase (Li2Mn2O4, 𝐼41/𝑎𝑚𝑑).85, 86
 This phase 

transformation results in Jahn-Teller distortion and substantial change in the unit cell volume (6%), 

compromising the structural integrity of the cathode.84, 85 To circumvent this structural instability, 

the lower operating voltage cutoff has been empirically established above 3 V vs. Li/Li+. However, 

this adjustment comes at a cost, sacrificing half of the available capacity for LMO.87 

LMO exhibits capacity fade, even when cycled around 4 V vs. Li/Li+.88, 89 The Mn2+ dissolution, 

resulting from the disproportionation reaction 2𝑀𝑛3+ → 𝑀𝑛4+ + 𝑀𝑛2+, is considered as the root 

cause of capacity fades in LMO.90  Following the dissolution, Mn2+ ions travel through the 

electrolyte, eventually depositing onto the anode, elevating the overall cell impedance.77, 90 This 

process is identified as the dissolution-migration-deposition (DMD) mechanism.77 Additionally, 
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the loss of Mn ion potentially induces irreversible phase transformations and structural damage, 

leading to the formation of cracks, which also contribute to capacity degradation.55  

The DMD mechanism in LMO has been widely studied, particularly in conventional electrolytes.77 

It is essential to understand the reactions occurring at the electrode/electrolyte interface to enhance 

LIB stability.76, 91 In situ methods are the preferred approach for exploring the complex behavior 

and degradation linked to the DMD process.78-81, 92 Among these methods, synchrotron X-ray 

experiments offer the ability to observe changes in the surface/interface, bulk structure, 

morphology, and chemical composition during operation with minimal impact on the sample.83, 91  

Several strategies have been explored to mitigate Mn dissolution in LMO.93 One approach involves 

using thin and robust coatings such as oxides (Al2O3, TiO2, or ZrO2) or graphene to create a barrier 

to minimize contact between LMO and the electrolyte.61, 62, 64 Additionally, structural or surface 

modification through cationic substitution (e.g., LiMxMn2-xO4, M=Ni, Co, Zn) aims to increase the 

average oxidation state of Mn, thus reducing the presence of Jahn-Teller active Mn3+
 species.88 

Another explored method includes the use of HF/H2O scavengers in the electrolyte or separator 

since conventional Li-salts such as LiPF6 can quickly react with trace amounts of water, producing 

HF and deteriorating LMO.94, 95  

Using alternative electrolytes to replace problematic organic carbonate electrolytes can be a 

practical approach to mitigate Mn dissolution. Among these alternatives, ionic liquids offer several 

advantages, such as non-flammability, minimal volatility, and high thermal and electrochemical 

stability.96 Moreover, when integrated into a gelling matrix, ionic liquids can form a solid-state 

composite known as an ionogel, eliminating the need for additional liquid components or 

separators.97, 98 These gel systems can address safety concerns and possibly prevent Li dendrite 
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formation.76 However, as long-term cyclic stability is influenced by interfacial behavior, 

comprehensively understanding the relationship between ionic liquids/gels and cathode interfaces 

during cycling is crucial to validate these electrolyte systems. 

 

4.3 Thin Film Model System to Study the LiMn2O4/Electrolyte Interface 

Epitaxial and smooth LMO (111) / SrRuO3 (111) (SRO) thin films were deposited on SrTiO3 (111) 

(STO) substrates using PLD. The choice of (111) orientation aimed to examine Mn dissolution, as 

particle fracture primarily occurs along the 111 planes.99 The SRO thin film achieves epitaxy due 

to its minimal lattice mismatch (-0.1%) with the STO substrate while also functioning as a current 

collector.100 Meanwhile, the epitaxy of the LMO thin film (a=8.251 Å, ICSD-50415) was achieved 

despite a more significant mismatch (2:1) of -5.5% with the SRO/STO lattice (a = 3.905 Å / 3.910 

Å) of -5.5%. This investigation required ideal interfaces and high-crystal quality films for detailed 

structural and interfacial X-ray analysis during electrochemical operation. 

Initial analysis of the LMO thin film's crystallinity, epitaxial nature, and interface involved ex situ 

X-ray characterization of pristine samples. (Figure 4.1) High-resolution XRD (HR-XRD) 

confirmed the single-crystal nature of the LMO (111) thin film, displayed an out-of-plane d-

spacing close to the reported bulk value (d111exp = 4.75 Å vs. d111bulk = 4.76 Å). The presence of 

Kiessig fringes in the longitudinal scan through the LMO (111) Bragg peak and a transverse -

scan (rocking curve) showcasing an FWHM of 0.22° corroborated the high-crystal quality of the 

film. Grazing incidence XRD (GI-XRD) measurements revealed epitaxy in the LMO [1-10] || STO 

[1-10] in-plane orientation and LMO [100] || STO [100] off-specular orientation.  
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Figure 4.1. Ex situ X-ray 

characterization of the 

epitaxial LMO(111)/SRO(111)/ 

STO(111) sample. (A) X-ray 

reflectivity data (black circles) 

and model best fit (red line). (B) 

Electron density profile 

determined from the XRR fit. 

(C) High-resolution X-ray 

diffraction showing the LMO 

(111), LMO (222), and STO 

(111) Bragg peaks. Region of the 

(D) LMO (111) and (E) LMO 

(222) Bragg peaks. A Gaussian 

curve was utilized to calculate L
z
 

in Equation 2.3. (F) Rocking 

curve of the LMO (111) Bragg 

peak. (G) Azimuthal φ-scan of 

the in-plane STO (2-20) and 

LMO (4-40) Bragg peaks. (H) 

Azimuthal φ-scan of the off-

specular STO (100) and LMO 

(400) Bragg peaks.  

 

XRR data fitting employed a slab model and the theoretical electron densities for LMO 1.21 e-/Å-

3, SRO 1.76 e-/Å-3, and STO 1.42 e-/Å-3. The extracted thicknesses of the LMO and SRO films 

measured by XRR were 110.8 Å and 89.2 Å, respectively, with an overall roughness of 8.4 Å. 
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These precise measurements of the film thickness and overall roughness, obtained through XRR, 

are necessary to monitor and analyze the interfacial evolution.   

 

4.4 Enhanced Interfacial and Structural Stability of LiMn2O4 in Li-IL  

The CV profile of the LMO sample cycled for 2 D and 9 DD in the Li-IL electrolyte is illustrated 

in Figure 4.2 A. Within the 4 V region, distinct redox peaks were identified at 4.02 V and 4.16 V, 

demonstrating minimal polarization (0.01-0.02 V). Notably, the Li-IL electrolyte showed redox 

peaks at 2.92/3.80 V in the 3 V region with a negligible -0.02 V shift in polarization after 9 DD 

cycles. This result highlights the superior reversibility and enhanced kinetic properties of the Li-

 

Figure 4.2. In situ XRR/XRD of the LMO cycled in Li-IL electrolyte. (A) Cyclic voltammetry of the 

L MO (111) cathode. (B) XRR with fit and (C) XRD as a function of the voltammetry cycles measured 

at 3.5 V. Evolution of the (D) d-spacing, (E) domain size, and (F) integrated intensity from the LMO 

(111) Bragg peak during cyclic voltammetry. The dashed lines illustrate the voltage changes during 

cycling. shown for the LMO (111) Bragg peak. 
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IL electrolyte over the conventional counterpart when used with LMO, particularly in the context 

of DD cycles.101  

Figures 4.2 B and C exhibit the in situ XRR and XRD results for the Li-IL electrolyte measured 

around 3.5 V across selected cycles. Analysis from XRR indicated a consistent thickness of both 

LMO and SRO films throughout the experiment, evidenced by the unchanging periodicity of 

fringes' minima. Table 4.1 summarizes the XRR fittings parameters around 3.5 V vs Li/Li+. 

Specifically, the LMO thickness exhibited a marginal 3% decrease (from 92.8 Å to 90.0 Å), 

potentially attributed to a slight increment in the LMO roughness (from 7.4 Å to 9.4 Å). These 

findings suggest a substantial inhibition of Mn dissolution into the electrolyte during cycling, even 

in the DD conditions. Examining the LMO (111) Bragg peak in Figure 4.2 C, its integrated 

intensity remained stable throughout the DD cycles. Additionally, the LMO (111) peak position 

for the Li-IL remained constant during cycling, indicating a proper (de)lithiation process and the 

absence of irreversible LixMn2O4 phases.  

  

Table 4.1. XRR fitting parameters of the LMO cycled in the Li-IL electrolyte. The following electron 

densities were fixed in the fitting: STO (1.42 e-/Å3), SRO (1.76 e-/Å3), and Li-IL electrolyte (0.35 e-/Å3). 
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The evolution of the LMO (111) Bragg peak concerning d-spacing, integrated intensity, and 

vertical domain size (Lz) was monitored during electrochemical cycling (Figures 4.2 D-F). Solid 

red lines denote data points for half-integer and integer cycles, while dashed lines depict the 

voltage evolution. The d-spacing of the LMO (111) Bragg peak, expressed as d=2π/q111, indicates 

the state of charge. This parameter reflects the lattice expansion or contraction within LMO, driven 

by the insertion or extraction of Li+ ions. Notably, for LMO fully cycled with the Li-IL electrolyte, 

the d-spacing tended towards a stable intermediate value of approximately 4.75 Å, aligning with 

the initial state of the film. (Figure 4.2 D).  

In examining the normalized integrated intensity (I/Ipristine, Figure 4.2 E) for LMO cycled with Li-

IL, a decrease of 20% occurred after the initial two D cycles, suggesting an initial loss of 

crystallinity. However, this value stabilized during the subsequent DD cycles, converging to an 

I/Ipristine
 value of 0.8. Similarly, the Lz, calculated from the FWHM using Eq. 4.1, displayed a 

comparable trend to I/Ipristine (Figure 4.2 F). After 2 D + 9 DD cycles, Lz experienced only a 4% 

reduction, indicating sustained crystallinity for the LMO thin film during cycling. The observed 

behavior showcases robust cathode stability in the Li-IL electrolyte with a durable performance 

under demanding DD conditions. 

Previously, Chen et al. observed a reduced LMO thickness and an overall crystallinity loss in LMO 

samples cycled in LIPF6+EC/DMC electrolyte over 2 D + 3 DD cycles.101 Here, an additional 

LMO sample was cycled for 2 D + 9 DD using the same electrolyte to compare directly with the 

Li-IL experiment. The CV (Figure 4.3 A) revealed two pairs of redox peaks within the 4 V region 

at 4.01 V and 4.17 V, with an additional pair in the 3 V region at 3.20/2.70 V. After subsequent  
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DD cycles, the system exhibited instability, evidenced by a continuous shift and reduction in the 

intensity of these redox peaks (as marked by arrows in Figure 4.3 A). 

XRR and XRD measurements conducted before and after 2 D + 9 DD cycles (Figures 4.3 B and 

4.3 C) unveiled a 28% reduction in LMO thickness (from 111.3 Å to 80.4 Å) and a 67% increase 

in roughness (from 8.7 Å to 14.5 Å). Table 4.2 summarizes the parameters used for the XRR 

fittings. On the other hand, Lz decreases by 32% (from 109.4 Å to 74.9 Å). The decrease in 

crystallinity was not solely a consequence of material loss but of the formation of irreversible 

Li2Mn2O4 (220), which broadened the LMO (111) Bragg peak and consequently diminished the 

Lz value, as derived from Eq. S1. A summary of the XRR/XRD results for LMO after 2 D + 9 DD  

 

Figure 4.3. Ex situ XRR/XRD of the LMO cycled in the conventional electrolyte. (A) Cyclic 

voltammetry for this system. (B) XRR with fit and (C) XRD before and after 2 D + 9 DD cycles.  

 

Table 4.2. XRR fitting parameters used for the LMO cycled in the conventional electrolyte. The 

following electron densities were fixed in the fitting: STO (1.42 e-/Å3) and  SRO (1.76 e-/Å3). 
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cycles and the percentage change for the two electrolytes is provided in Table 4.3. The main 

difference between the LMO samples cycled with the two different electrolytes was the 

considerable reduction in thickness, Lz, and integrated intensity in the LiPF6+EC/DMC electrolyte. 

This result suggests a severe chemical and structural compatibility issue induced by cycling. In 

contrast, the LMO cycled in Li-IL electrolyte showed notably higher interfacial and structural 

stability following the 2D + 9 DD cycles.  

 

4.5 Mn Dissolution and Phase Stability in Li-IL vs. Organic-based Electrolyte 

The dissolution of Mn and its connection to LMO phase stability post CV was approached 

systematically. The methodology encompassed an electrolyte analysis using inductively coupled 

plasma mass spectrometry (ICP-MS) and a comprehensive examination of the surface and bulk of 

LMO thin films using diverse characterization techniques. The measurements were conducted 

after the 2 D + 9 DD cycles at a state of charge of 3.5 V vs Li/Li+.  

Initially, the suppression of Mn dissolution into the electrolyte was studied by ICP-MS. The Mn 

concentration in the electrolyte was measured by ICP-MS to compute the film thickness loss, as 

detailed in Table 4.4. The film loss for LMO cycled with the LiPF6+EC/DMC electrolyte (-22.7%) 

 

Table 4.3. XRR/XRD and ICP-MS of the LMO samples cycled in the two liquid electrolytes. Mn 

loss from the films based on ICP-MS analysis of the electrolytes. (see Table 4.4 for details)  
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is close to that from XRR (-28.0%). For the LMO cycled in Li-IL, a notably lower Mn 

concentration corresponded to only a 3.9% loss in LMO thin film thickness (Table 4.3). An 

additional ICP-MS experiment was performed on pristine LMO powder samples to investigate the 

Mn dissolution suppression in the Li-IL. These samples were immersed in Li-IL and 

LiPF6+EC/DMC at 60°C for seven days to accelerate Mn dissolution.102 The resulting Mn 

concentrations were 106 ppb and 3530 ppb for the LiPF6+EC/DMC and Li-IL electrolytes, 

respectively. The dissolution in the LiPF6+EC/DMC electrolyte was induced in the absence of 

cycling, driven by the production of HF via hydrolysis of LiPF6.
103 This finding supports the XRR 

results, consistently indicating a substantial reduction in Mn dissolution within the Li-IL 

electrolyte.  

Previously, various lithium salts were proposed to enhance the performance of LIBs by mitigating 

dissolution. For instance,, lithium-imide salts such as LiTFSI and lithium bis(fluorosulfonyl)imide 

 

Table 4.4. ICP-MS quantification of Mn in the liquid electrolytes after 2 D + 9 DD cycles. The 

following density values (in g/cm3) were used in the calculation: ρ
LMO = 4.020, ρ

Li-IL = 1.478, and 

ρ
LiPF6+EC/DMC = 1.356. An LMO area of 0.3 × 0.4 cm2 was utilized to calculate the total Mn mass in the 

thin film.  
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(LiFSI), known for their reduced susceptibility to hydrolysis compared to LiPF6  were used to 

enhance the electrochemical and thermal stability of LiFePO4 and LiNi0.5Mn1.5O4, respectively.104, 

105 In the case of LiPF6-based electrolytes, the presence of trace amounts of water triggers the 

decomposition of this salt into HF, exacerbating Mn dissolution.106 Previously, the hydrolysis 

potential of fluorine ions such as [PF6]
- in 1-butyl-3-methylimidazolium (BMIM) ionic liquid has 

been discovered.107 In contrast to LiPF6, LiTFSI salt, when used in the Li-IL electrolyte, reduces 

the likelihood of salt breakdown, stabilizing the LMO cathode's electrochemical performance.  

Moreover, compared to organic carbonate solvents such as EC/DMC, EMIM-TFSI ionic liquids 

provide enhanced resistance to solvent decomposition, especially at high states of charge and 

during deep discharge. Specifically, the interaction of EC molecules with the LMO surface oxygen 

leads to solvent decomposition, forming hydroxyl groups.108 This superior oxidative stability was 

further exemplified in the ionic liquid Pyr13TFSI using LiTFSI salt. Qiao et al. showed a reduction 

in Mn/Ni dissolution in LiNi0.5Mn1.5O4 cathodes when compared to LiPF6+EC/DEC.79 

During the electrochemical cycling of LixMn2O4 (0 < 𝑥 < 2), both the Jahn-Teller distortion and 

Mn dissolution processes have been identified to trigger the formation of overlithiated Li2Mn2O4. 

Such transformation can be irreversible due to damage in the spinel framework.55, 74  This 

formation of this impurity phase has been observed at 3.5 V in the surface and cracks of particles 

after cycling in the standard range (3.4-4.3 V).55 If this tetragonal phase is found after cycling in a 

potential window where only stoichiometric LiMn2O4 is expected to be redox active, these regions 

of Li2Mn2O4 will likely endure. The persistence of Li2Mn2O4 leads to an overall reduction in the 

Mn3.5+ oxidation state. Therefore, a lower oxidation state than 3.5 would indicate irreversibility 

and the presence of overlithiated LMO.  
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This correlation was examined in the LMO samples by analyzing the Mn 2p and Mn 3s core levels 

using XPS, as seen in Figure 4.4 A. The Mn oxidation state was obtained by fitting the 2p3/2 core 

level with two peaks at 641.5 eV (Mn3+) and 643.1 eV (Mn4+). For the pristine LMO sample, the 

observed Mn oxidation state was approximately 3.5 (Mn3+
 = 50.6%, Mn4+ = 49.4%), consistent 

with stoichiometric LMO. After 2 D + 9 DD cycles, the sample cycled with Li-IL exhibited a 

marginally higher oxidation state (Mn3+ = 48.6%, Mn4+
 = 51.4%). In contrast, the sample cycled 

in the conventional electrolytes displayed a decreased oxidation state (Mn3+=58.9%, 

Mn4+=41.1%).  

The reduced oxidation state was also observed in the multiplet separation (ΔE) of the Mn 3s peak 

(Figure 4.4 B).109 This separation arises from coupling the 3s and 3d electrons during 

 

Figure 4.4. XPS of the LMO samples cycled in the two liquid electrolytes. (A) Mn 2p and (B) Mn 

3s binding energies of LMO samples. The XPS is shown for the pristine LMO sample and for the samples 

cycled 2D + 9DD cycles in the two electrolytes.  
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photoelectron ejection and increases with decreasing oxidation state, as lower valence implies 

more electrons in the 3d orbital. The separation for the pristine samples was found to be 5.00 eV, 

corresponding to an ~3.5+ oxidation state when compared to Mn2O3 (5.41 eV,3+) and MnO2 (4.78 

eV,4+), representing the Mn3+
 and Mn4+

 oxidation states, respectively.110 The sample cycled with 

Li-IL showed a similar value (5.01 eV) to the pristine case, indicating stabilization of the film 

surface after cycling, consistent with the results obtained from the X-ray characterization. In 

contrast, for the LiPF6+EC/DMC electrolyte, ΔE increased (5.25 eV), corresponding to a reduced 

oxidation state and the formation of overlithiated LMO. 

To investigate the presence of crystalline tetragonal Li2Mn2O4, XRD was performed in the vicinity 

of the LMO (222) Bragg peak for the pristine sample, and the samples cycled in the two 

electrolytes after 2 D + 9 DD cycles (Figure 4.5). The gray dotted lines represent the anticipated 

position of the cubic LiMn2O4 (222) and the tetragonal Li2Mn2O4 (022) Bragg peaks. The sample 

Figure 4.5. LMO (222) Bragg peak before and after cycling in the two electrolytes. LMO (222) 

Bragg peak after 2D + 9 DD cycles for the (A) Li-IL and the (B) conventional electrolyte. The dotted 

lines indicate the initial position of the cubic LMO (222) Bragg peak and the tetragonal LiMn2O4 (022) 

Bragg peak. 
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cycled in Li-IL showed a slight decrease in the LiMn2O4 (222) peak intensity and a subtle presence 

of Li2Mn2O4 (022). In contrast, the LMO cycled with LiPF6+EC/DMC electrolyte exhibited a 

higher proportion of irreversible Li2Mn2O4. This is primarily attributed to Mn dissolution, which 

caused severe structural damage (together with Jahn-Teller distortions) and uneven Li diffusion in 

the lattice.55 In the case of powder LMO, the appearance of this overlithiated phase was previously 

reported after 25 cycles in the D cycle regime (3.4-4.3 V vs. Li/Li+).55 . The irreversibility was 

observed after 2 D + 9 DD cycles since the DD cycles encourage more Jahn-Teller active Mn3+ 

and a further increase in the volume change of the lattice.  

The dissolution of Mn and the overlithiated LMO phase presence were further investigated using 

HAADF STEM imaging ELLS, respectively. First, the LMO film subjected to cycling in the Li-

IL electrolyte showed no dissolution, as evidenced by a film thickness close to its initial thickness 

before cycling (Figure 4.6 A, refer to Table 4.1). In contrast, cross-sections of the LMO cycled in 

the LiPF6+EC/DMC revealed partial film loss in various regions within the LMO/air interface 

(Figure 4.6 B). Beyond the loss of LMO, discernible cracks in the LMO film were observed when 

cycled in the LiPF6+EC/DMC electrolyte (Figures 4.6 C and D). These cracks have been 

associated with overlithiated LMO phases and exacerbated Mn dissolution.55 Secondly, horizontal 

EELS line scans conducted across 200 nm-long regions of LMO films cycled in the 

LiPF6+EC/DMC electrolyte evidenced an overlithiated phase near the LMO/air interface (Figure 

6 E  and F). The Mn-L2 and Mn-L3 edges displayed energy redshifts of 1.3 eV and 0.5 eV, 

respectively, for the over-lithiated location (close to the grain edge) compared to the bulk. These 

energy shifts are consistent with previous EELS studies of LMO cycled in LiPF6+EC/EMC and  
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Figure 4.6. STEM/EELS of the LMO samples cycled in the liquid electrolytes. Cross-section STEM 

of the LMO samples cycled in the (A) Li-IL and (B) LiPF6+EC/DMC electrolytes. (C) and (D) show 

cracks in the LMO cycled in LiPF6+EC/DMC electrolyte.  (E) EELS horizontal profile of the sample 

cycled in the LiPF6+EC/DMC electrolyte. (F) Selected EELS spectra of two locations of the LMO sample 

showing a lithiated and non-lithiated phase.    
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EC/DMC55, 111 and further support the XRD data indicating the generation of overlithiated 

Li2Mn2O4. In contrast, the sample cycled in Li-IL showed high structural stability and no presence 

of such a phase.  

 

4.6 Stability of LiMn2O4 in h-BN Ionogel Electrolyte  

The interfacial and structural evolution of the LMO was investigated in an ionogel composed of 

h-BN nanoplatelets and the identical Li-IL electrolyte employed previously (Li-TFSI + EMIM 

TFSI). This ionogel, denoted as h-BN/Li-IL, was used to cycle the epitaxial LMO thin film 2 D + 

9 DD cycles. The CV profile (Figure 4.7 A) shows two redox peaks in the 4 V region with minimal 

Figure 4.7. In situ XRR/XRD of the LMO cycled in the h-BN/Li-IL electrolyte. (A) Cyclic 

voltammetry of the LMO (111) cathode. (B) XRR with fit, and (C) XRD as a function of the voltammetry 

cycles measured at 3.5 V. The XRR plot includes the fitting. Evolution of the (D) d-spacing, (E) domain 

size, and (F) integrated intensity from the LMO (111) Bragg peak during cyclic voltammetry. The dashed 

lines illustrate the voltage changes during cycling. shown for the LMO (111) Bragg peak. 
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polarization (0.01 V). However, within the 3 V region, the redox peaks at 3.03/2.72 V exhibited 

an increase of polarization after 9 DD cycles (0.03-0.08 V). 

The in situ XRR and XRD results for the LMO cycled in h-BN/Li-IL around 3.5 V across selected 

cycles are depicted in Figures 4.7 B and C, respectively. The XRR analysis showed no evidence 

of changes in the LMO thickness, accompanied by a subtle increment of 24% in roughness, 

indicative of complete suppression of Mn dissolution. Table 4.5 summarizes the XRR fittings 

parameters around 3.5 V vs Li/Li+. The fitted parameters include the electron density (ED) of the 

LMO, the thickness (t) of the LMO and SRO, and the roughnesses of the different interfaces (). 

However, the LMO (111) Bragg peak shows a 30% reduction in the integrated intensity after 2 D 

+ 9 DD cycles. This decline is attributed to an overall loss in film crystallinity and mosaicity, 

which is evident through the broadening of the (111) Bragg peak and respective RC. Estimations 

of Lz (Eq. S1) and Lx (Eq. S2) revealed a 15% decrease in Lz and a 26% decrease in Lx post 2 D + 

9 DD cycles. Table 4.6 summarizes the XRR and XRD results for the sample before and after 2 

D + 9 DD cycles, including the observed changes in thickness, roughness, crystalline domain size, 

and mosaicity.  

Table 4.5. XRR fitting parameters of the LMO cycled in the h-BN/Li-IL electrolyte. Two 

parameters were fixed in the fitting: The following electron densities were fixed in the fitting: STO (1.42 

e-/Å3), SRO (1.76 e-/Å3), and h-BN/Li-IL electrolyte (0.45 e-/Å3). 
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The evolution of the LMO (111) Bragg peak, including the d-spacing, I/Ipristine, and Lz, was 

tracked during electrochemical cycling (Figure 4.7 D-F). For clarity, only data points 

corresponding to half-integer and integer cycles are shown in solid red lines, while the voltage 

progression is depicted in dashed lines. The d-spacing of the LMO (111) Bragg peak (d=2π/q111) 

indicates the lattice's lithiation state during electrochemical cycling. Three zones can be 

distinguished during the continuous (de)lithiation process of the LixMn2O4: Mn2O4, LiMn2O4, and 

Li2Mn2O4. The latter one is accessible during DD cycles. The evolution of the d-spacing (Figure 

4.7 D) exhibits an oscillatory behavior reflective of the (de)lithiation process during the D and DD 

cycles. However, upon subsequent entry into the DD regime, a reduction in the overall 

(de)lithiation amplitude and an increase in the d-spacing are observed. This behavior suggests the 

formation of a non-reversible overlithiated LixMn2O4 phase.  

Additionally, the normalized integrated intensity (Figure 4.7 E) and Lz (Figure 4.7 F) show a 

consistent decrease, evidence of loss of crystallinity and an irreversible mechanism occurring 

within the lattice. Previously, our studies on the Li-IL liquid electrolyte with no h-BN showed no 

Mn dissolution but less impact on the crystallinity when compared to the ionogel.112 Previously, 

using a metal-ion chelating polymer (Pyd-PVA-CN)  gel electrolyte improved LMO's capacity 

Table 4.6. XRR/XRD results of the LMO cycled in the h-BN/ Li-IL electrolyte. 
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retention by mitigating Mn ions' dissolution.113 Table 4.6 summarizes the XRR/XRD before and 

after 2 D + 9 DD cycles in the h-BN/Li-IL electrolyte.  

The LMO cycled in h-BN/Li-IL electrolyte revealed no indication of Mn dissolution but exhibited 

pronounced irreversibility in its structural properties. One plausible explanation for such 

irreversibility is the Jahn-Teller distortion from the cubic LiMn2O4 to the tetragonal Li2Mn2O4 

during DD cycles. The persistence of such phase was validated by in situ XRD measurements 

conducted near the LMO (222) Bragg peak during operation around 3.5 V and confirmed by ex 

situ XPS measurements after cycling.  

Figure 4.8 depicts a marginal decrease in the LMO (222) Bragg peak after 2 D cycles, followed 

by the emergence of Li2Mn2O4 (022) after the 9 DD cycles. Such a phase is irreversible as it 

deviates from the expected phase at the state of charge of 3.5 V. Moreover, the ex situ XPS spectra 

for the Mn 2p and Mn 3 s peaks (Figures 4.8 B and C) demonstrate an increased Mn3+ oxidation 

Figure 4.8. Formation of Li2Mn2O4 after cycling in the h-BN/Li-IL electrolyte. (A) In situ LMO 

(222) Bragg peak measurements at three stages during cycling. The dotted lines indicate the initial 

position of the cubic LiMn2O4 (222) Bragg peak and the tetragonal Li2Mn2O4 (022) Bragg peak. Ex situ 

(B) Mn 2p and (C) Mn 3s spectra of the LMO sample after 2 D + 9 DD cycles.  



88 

 

state, characteristic of Li2Mn2O4. The Mn 2p fitting reveals a slight increase in the Mn3+ (52.2 %) 

and a 5.05 eV separation in the Mn 3s. For stoichiometric LiMn2O4, Mn3+ is anticipated at 50%, 

and the Mn 3s peak separation is at 5.00 eV. Notably, our previous study on the Li-IL (i.e., liquid 

and without h-BN) exhibited no discernible increment in the presence of Mn3+ or splitting in the 

Mn 3s peak.112 

The generation of Li2Mn2O4 is commonly associated with Mn dissolution, typically observed in 

carbonate-based electrolytes. Previously, our group demonstrated such presence via ex situ XRD, 

STEM, and XPS.112 Liu et al. elaborated on the mechanism, proposing that surface Mn dissolution 

leads to structural damage and uneven Li diffusion, thereby triggering irreversible Li2Mn2O4 

generation via Jahn-Teller distortion, particularly when accessing DD cycles.55 This phase 

transformation is particularly noticeable within surface cracks, where uneven Li diffusion is 

expected.  

However, in the context of the h-BN/Li-IL, where the Li-IL electrolyte suppresses Mn 

dissolution112, an alternative explanation is required for the occurrence of Li2Mn2O4. One 

explanation lies in the inadequate wetting behavior of gel-based electrolytes, causing challenges 

in establishing intimate contact between the electrode and the electrolyte.114 The voids along the 

LMO-hBN/Li-IL interface result in localized areas experiencing high Li current densities, thereby 

facilitating the formation of Li2Mn2O4 despite the absence of Mn dissolution.  

Figure 4.9 depicts the schematic detailing the mechanisms involved in the Li2Mn2O4 formation 

mechanisms during electrochemical cycling, explicitly considering the absence of Mn dissolution. 

As Li+ ions undergo diffusion throughout the (dis)charging processes, they navigate through 

regions of high density, particularly near the voids in the electrode/electrolyte interface. This 
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movement through high-density pathways can promote the localized generation of Li2Mn2O4. 

Similar behavior has been observed in a nanowire battery system employing an ionic liquid 

electrolyte consisting of Li-TFSI salt and PP13TFSI ionic liquid.115 There, the formation of the 

Li2Mn2O4 phase was observed through in situ electron diffraction near the interface, proximal to 

the ionic liquid. This observation was attributed to the localized accumulation of Li+ around the 

nanowire base, suggesting that high Li+ concentration regions prompt the generation of Li2Mn2O4.  

The void problem found in the sample cycled with h-BN/Li-IL can be alleviated by improving the 

interfacial contact. A Li-IL layer was introduced between the LMO and the h-BN/Li-IL to wet the 

LMO thin film. In situ XRR/XRD was performed for 2 D + 3 DD due to beamline time limitations 

(Figure 4.10 A-C). Table 4.7 summarizes the XRR fittings parameters around 3.5 V vs Li/Li+. 

Figure 4.10 D-F depicts the evolution of the d-spacing,  I/Ipristine, and Lz for the sample with the 

Li-IL interlayer (Li-IL+h-BN/Li-IL). Compared to the LMO cycled in the h-BN/Li-IL electrolyte 

(Figure 4.10 D-F), all the parameters tend to an equilibrium position. First, there is no evidence 

of over-lithiation after 2 D + 3 DD cycles in the Li-IL+h-BN/Li-IL, and the amplitude of the 

Figure 4.9. Schematic of the irreversible phase transition in LMO cycled in the ionogel. The 

transition occurs from cubic LiMn2O4 to tetragonal Li2Mn2O4 in regions of poor contact when using 

the h-BN/Li-IL electrolyte.  
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(de)lithiation is broader and constant. The I/Ipristine and Lz values slightly decrease after the 2 D 

cycles but tend to be in equilibrium, differing from the h-BN/Li-IL, where the values continually 

decrease after cycling.  

Figure 4.10. In situ XRR/XRD of the LMO cycled in the Li/IL+h-BN/Li-IL electrolyte. (A) Cyclic 

voltammetry of the LMO (111) cathode. (B) XRR with fit and (C) XRD as a function of the voltammetry 

cycles measured at 3.5 V. D Evolution of the (D) d-spacing, (E) domain size, and (F) integrated intensity 

from the LMO (111) Bragg peak during cyclic voltammetry. The dashed lines illustrate the voltage 

changes during cycling. shown for the LMO (111) Bragg peak. 

 

Table 4.7. XRR fitting parameters used for the LMO cycled in the Li/IL+h-BN/Li-IL electrolyte. 

The following electron densities were fixed in the fitting: STO (1.42 e-/Å3), SRO (1.76 e-/Å3), and h-

BN/Li-IL electrolyte (0.45 e-/Å3). 
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Table 4.8 compiles the XRR/XRD results for the cycling experiment employing Li-IL+h-BN/Li-

IL. As anticipated, there was no effect from Mn dissolution, evident in a marginal thickness 

reduction of only 2 Å, potentially attributed to the observed increase in roughness (from 6.7 Å to 

10.3 Å). The crystalline domain sizes, both Lz and Lx, experienced a moderate decrease of 7% and 

13% after 2 D + 3 DD cycles, while I/Ipristine decreased 23%. These outcomes imply that 

incorporating a Li-IL interlayer contributes to increasing the stability of the LMO cathode within 

the h-BN/Li-IL system. This arrangement improves the interfacial contact between the LMO 

electrode and the h-BN/Li-IL electrolyte, enhancing the overall structural stability during cycling.    

  

4.7 Summary 

The stability of single-crystal epitaxial LMO (111) thin films was studied for two different 

electrolytes: 1 M LiTFSI in EMIM-TFSI (Li-IL) and 1 M LiPF6+EC/DMC (50/50 v.%) 

(conventional electrolyte). The films were cycled nine times in the 2.5-4.3 V range to access two 

Li+ extraction/insertion processes in LMO and to enhance the formation of Mn3+
, which is prone 

to dissolution. The LMO cycled with Li-IL-based electrolytes showed considerably higher 

Table 4.8. XRR/XRD of the LMO cycled in the Li-IL+h-BN/Li-IL electrolyte. 
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electrochemical and structural stability than its conventional electrolyte counterparts. The source 

of this improvement was attributed to the suppression of Mn dissolution in the Li-IL-based 

electrolyte, which is due to the reduced susceptibility of salt hydrolysis and solvent decomposition. 

In situ XRR/XRD showed stability in the thickness and crystallinity of the film when accessing 

the 2.5-4.3 V voltage range in the Li-IL electrolyte. ICP-MS analysis and STEM inspection of the 

LMO cycled in Li-IL showed negligible loss of Mn after cycling. 

In contrast, the LMO cycled in the conventional electrolyte was unstable due to severe Mn 

dissolution. Through extensive ex situ characterization, including XRD, XPS, and EELS, we found 

that the Mn dissolution triggers overlithiated and irreversible LMO phases, which deteriorates the 

cycling performance of the cathode. Overall, these results show the importance of electrolyte 

selection and compatibility as critical factors that control the chemical and structural stability of 

transition metal LIB cathodes. 

Apart from utilizing the two liquid electrolytes, an ionogel formulation (h-BN/Li-IL) composed of 

the same ionic liquid and h-BN nanoplatelets was employed to investigate the interfacial and 

structural evolution of the LMO cathode. Similar to the Li-IL electrolyte, the ionogel prevented 

Mn dissolution. However, irreversible Li2Mn2O4 was unexpectedly observed after 2 D + 9 DD 

cycles. This finding was attributed to inadequate contact between the gel and the surface of the 

LMO, leading to the creation of voids where high Li+ current densities are concentrated, 

consequently facilitating the localized generation of Li2Mn2O4. Beyond the formation of the 

overlithiated phase, the inadequate contact adversely impacted the overall crystallinity of the LMO 

and compromised its reversibility during cycling. Incorporating a Li-IL interlayer addressed the 
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issues associated with inadequate contact, improving the structural integrity of the LMO cathode 

and enhancing its stability during cycling.  

 

4.8 Experimental Methods 

4.8.1 Sample Preparation 

LMO (111) / SRO (111) thin films were grown by PLD on 10 mm × 3 mm STO (111) substrates 

(MTI Corp.). The substrates were etched in buffered oxide etch BOE (7:1) solution for 30 s, rinsed 

with DI water, and annealed at 1050 °C for 3 hr in oxygen flow. This procedure allowed a Ti-

terminated and step-terraced STO surface.116 The deposition was performed in a PVD Products 

nanoPLD 1000, which employed a 248 nm KrF excimer laser focused onto a rectangular 1.5 mm 

× 3.5 mm spot. The conductive SRO layer (9 mm × 3 mm) was deposited from a stoichiometric 

target (QS Advanced Materials) at 60 mJ/pulse and 1 Hz. The SRO deposition was accomplished 

at 550°C in 50 mTorr O2 and further annealing at 100 Torr O2  for one hr at the same temperature. 

The LMO layer (4 mm × 3 mm) was deposited on the SRO/STO sample from an LMO target (Kurt 

J. Lesker) containing 30% excess of Li2O (Li1.3Mn2O4.14) to account for the Li loss during ablation 

at 140 mJ/pulse and 5 Hz. The LMO deposition was accomplished at 400°C in 75 mTorr O2 and 

further annealing at 75 mTorr of O2 atmosphere for one hr at the same temperature. 

The Li-IL was prepared by dissolving 1 M lithium bis-(trifluoromethylsulfonyl)imide (LiTFSI) 

(99.95%, trace metal basis, Sigma-Aldrich) salt in 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide (EMIM-TFSI) (H2O ≤ 500 ppm, Sigma-Aldrich) by stirring at 

120°C for 24 hr. The h-BN nanoplatelets were produced following prior work, which was then 

mixed with the Li-IL (Li-IL/h-BN=60%/40% wt.) using a mortar and pestle.71 The conventional 
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electrolyte (LiPF6+EC/DMC) is composed of 1 M lithium hexafluorophosphate (LiPF6) in 50/50 

v/v ethylene carbonate/dimethyl carbonate (Millipore Sigma). The electrolyte preparation and cell 

assembly were performed in an argon-filled glovebox.  

4.8.2 Cyclic Voltammetry  

The LMO/SRO/STO (10 mm × 3 mm) samples were individually sealed in X-ray transmission 

cells inside an Ar glovebox. The LMO thin films were fully immersed in the liquid electrolytes 

(~8 mL). For the ionogel, a spatula was used to manually put the electrolyte (~ 0.1 g ) on top of 

the film to achieve ionic contact with a Li metal counter electrode (0.75 mm thick, Alfa Aesar) 

located approximately 5 mm above the sample.42,43 The transmission cell was removed from the 

glovebox and connected to an electrochemical workstation (CHI760E) to perform cyclic 

voltammetry. Details about the cell setup, including a schematic and an image showing the 

acquisition/measurement procedure, can be found in Figure 4.11. The CV was performed in two 

different voltage ranges: standard discharge (D) cycles between 3.5 V and 4.3 V vs. Li/Li+ (0 <

𝑥 < 1) at 0.2 mV/s  and deep discharge (DD) cycles between 2.5 V and 4.3 V vs. Li/Li+ (0 < 𝑥 <

2) at 0.5 mV/s. After the last cycle, a final discharge from 4.3 to 3.5 V was performed to return to 

the initial state of charge.  

4.8.3 In situ X-ray Characterization 

In situ XRR and XRD were performed at beamline 33BM-C at the Advanced Photon Source. The 

cells were mounted on a four-circle diffractometer with incoming X-rays (λ = 0.6199 Å) collimated 

into a 0.2 mm × 1 mm beam. The data were continuously acquired with a Pilatus 100k 2D detector 

during electrochemical cycling (Figure 4.11C). All the XRR analyses were done using Motofit 

with a multiple-slab model and fixed electron densities.14 
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4.8.4 Ex situ X-ray Characterization 

Ex situ XRR and XRD measurements were performed in a Rigaku ATXG diffractometer with an 

18 kW Cu rotating anode (λ = 1.5418 Å) and a 0.1 mm × 2 mm collimated beam. High-resolution 

measurements were achieved using a Ge (220) 2-bounce monochromator (λ = 1.5406 Å). All the 

Figure 4.11. In situ XRR/XRD experimental setup for LIB characterization. (a) Schematic 

of the thin film model system used to study the LMO/electrolyte interface by in situ XRR/XRD 

(a). (b) Schematic of the electrochemical cell. (c) Photograph of the electrochemical cell and 

schematic of the incident and reflected X-ray beams, and the 2D detector (c). The data is 

acquired during continuous cycling while rotating the 2θ axis (detector) and the axis 

(electrochemical cell). The specular scattering is integrated into the white rectangle area while 

and background is collected in the red rectangle.  
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measurements were normalized to the measured incident beam intensity, and the results are plotted 

in terms of the scattering vector 𝑞 = 4𝜋
𝑆𝑖𝑛(𝜃)


. XRR data were corrected for footprint and diffuse 

scattering signal. Off-specular φ scans were performed in a Smartlab Gen 2 diffractometer 

equipped with a 9 kW Cu rotating anode (λ = 1.5418 Å) and a  circle using a 0.05 mm × 2 mm 

collimated beam and two 0.5° Soller slits.  

4.8.5 X-ray Photoelectron Spectroscopy 

Spectra were acquired in a Thermo Scientific ESCA Lab 250Xi XPS spectrometer equipped with 

a monochromated Al Kα X-ray source (E = 1486.6 eV). The samples were analyzed with a spot 

size of ~500 μm and a flood gun for charge compensation. The Mn 2p and 3s spectra consisted of 

an average of eight spectra with a pass energy of 50 eV and dwell time of 75 s and 120 s, 

respectively. The analysis was performed using the Avantage (Thermo Scientific) software in 

which the core levels were fitted using a modified Shirley background correction and Gaussian-

Lorentzian product (70% Gaussian and 30% Lorentzian). All the peaks were charge-corrected to 

adventitious carbon (C 1s) at 284.8 eV. The Mn oxidation state was analyzed by quantifying the 

Mn3+/4+ area in the 2p3/2 peak and the multiplet split of the Mn 3s peak. For the 2p3/2 fitting, the 

position corresponding to Mn3+ and Mn4+ was located at 641.5 eV and 643.1 eV, respectively, 

allowing a shift of only ±0.1 eV. 

4.8.6 Inductively Coupled Mass Spectroscopy 

Quantifying manganese in the liquid electrolytes after cycling was accomplished using ICP-MS. 

After electrochemical cycling, the electrolytes were digested in concentrated trace nitric acid (> 

69%, Thermo Fisher Scientific) at 65°C for 3 hours and at room temperature overnight to allow 

full digestion. Ultra-pure H2O (18.2 MΩ·cm) was then added to produce a final solution of 3.0% 
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nitric acid (v/v) in a total sample volume of 5 mL (100 μL digested sample, 150 μL HNO3 and 

4.75 mL H2O). Quantitative standards were made using a 100 µg/mL Mn elemental standard 

(Inorganic Ventures), which was used to create a 20 ng/mL mixed element standard in 3.0% nitric 

acid (v/v) in a total sample volume of 50 mL. ICP-MS was performed on a computer-controlled 

(QTEGRA software) Thermo iCapQ ICP-MS (Thermo Fisher Scientific) operating in KED mode 

and equipped with an ESI SC-2DX PrepFAST autosampler (Omaha). The internal standard was 

added inline using the prepFAST system and consisted of 1 ng/mL of a mixed element solution 

containing Bi, In, 6Li, Sc, Tb, and Y (IV-ICPMS-71D from Inorganic Ventures). Finally, LMO 

(Sigma Aldrich) powders (~4 mg each) were immersed in 1 mL of ionic liquid and conventional 

electrolyte.  

4.8.7 Transmission Electron Microscopy 

Cross-sectional TEM lamellas were prepared using a dual-beam FIB FEI Helios Nanolab 600 

operating at 30 kV with a Ga source. A set of C and Pt layers protected the samples from beam 

damage. High-resolution STEM images were obtained using an aberration-corrected JEOL 

ARM200CF microscope at 200 kV. Images were collected using a JEOL HAADF detector (90-

370 mrad) with an 8 µs dwell time. In addition, EELS was acquired with a Gatan DualEELS 

detector (~0.1 eV energy resolution) to analyze the Mn-L2,3 edges at different locations of the 

samples to detect lithiated and non-lithiated LMO. 
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CHAPTER 5:  

ULTRA-SMOOTH EPITAXIAL PT THIN FILM 

ELECTRODES DEPOSITED BY PULSED LASER 

DEPOSITION 

 

 

 

 

This chapter is adapted from: 

Torres-Castanedo C. G., Buchholz D. B., Pham T., Zheng L., Cheng M., Dravid V. P., Hersam M. 

C. & Bedzyk M. J. (2024). Ultra-Smooth Epitaxial Pt Thin-Films Grown by Pulsed Laser 

Deposition. ACS Applied Materials & Interfaces, 16(1), 1921-1929. 
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5.1 Overview 

Platinum (Pt) thin films are useful in applications requiring electrodes with high conductivity and 

excellent thermal and chemical stability. In the context of LIBs, these films act as current 

collectors, facilitating the efficient flow of electrons during electrochemical cycling, thereby 

ensuring optimal battery performance. Additionally, ultra-smooth and epitaxial Pt thin films offer 

the advantage of serving as optimal templates for the subsequent growth of heteroepitaxial 

structures, such as active electrode materials utilized in LIBs.  

This chapter focuses on achieving epitaxial growth of Pt (111) electrodes on sapphire (α-Al2O3 

(0001)) substrates via PLD. In the previous chapter, SRO (111) thin films were used as electrodes 

in the different LIB setups, facing challenges such as forming islands and bunched surfaces 

depending on the deposition conditions.117 The morphology of SRO strongly relies on the 

deposition rate and temperature, nominal thickness, and miscut of the substrate.118 Additionally, 

the limited availability of large-wafer STO substrates posed constraints for commercial 

applications, hence the motivation to explore Pt on wafer-scale sapphire. 

The investigation encompassed experimentation with various gaseous environments and 

temperatures to achieve epitaxial growth while ensuring minimal surface roughness. Employing a 

two-step growth process of 500°C and 300°C yielded films with improved epitaxy, maintaining 

ultra-smooth interfaces (<3 Å) and featuring high electrical conductivity (6.9×106 S/m). 

Subsequently, these Pt films were used as current collectors and templates for the epitaxial growth 

of lithium manganese oxide (LiMn2O4 (111)) thin films, a cathode material used in LIBs. These 

films demonstrated high stability when subjected to electrochemical cycling in the range of 3.5-

4.3 V vs. Li/Li+ in a novel solid-state ionogel electrolyte. 
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5.2 Background 

Pt possesses high electrical conductivity alongside exceptional thermal and chemical stability. 

These unique properties make Pt thin films pivotal in fundamental research, serving multiple roles 

as catalyst119, 120, adatom templates121, 122, seeding layers123-126, and current collectors125, 127-132. 

Diverse techniques exist for growing high-quality Pt thin films, such as molecular beam epitaxy 

(MBE)123, 133-137, metalorganic chemical vapor deposition (MOCVD)138, 139, sputtering132, 137, 140-

143, and pulsed laser deposition (PLD).125, 144-147 

Smooth epitaxial Pt thin films serve as excellent templates for the subsequent high-quality thin 

films. Pt has proven effective in facilitating the epitaxial growth of various thin films, including 

Fe2O3
124, LuFeO3

125, ZnO148, Fe3O4
149, graphene150, and diamond151. In several cases, the Pt 

interlayer reduces the dislocation density124 and strain125 in subsequent films compared to direct 

deposition on a non-conductive single-crystal substrate. The appropriate substrate with low lattice 

mismatch is needed to achieve highly crystalline Pt films. Notably, Pt has been successfully grown 

epitaxially on substrates like MgO140, 145, 146, 152, SrTiO3
137, 152, 153, LaAlO3

152, YSZ,132, 147, 154 and 

α-Al2O3 (sapphire)134-136, 155-158. The commercial availability of wafer scale α-Al2O3 has led to its 

extensive use as a substrate for Pt growth, resulting in (111) orientation upon deposition on α-

Al2O3 (0001). The epitaxy is facilitated by a low lattice mismatch (0.9%) between Pt (111) and α-

Al2O3 (0001), reducing the dislocation density at the interface.155 

Despite considerable advancements, achieving epitaxial, ultra-thin, and smooth Pt film growth 

remains challenging. For instance, increasing the deposition temperature to enhance crystallinity 

results in three-dimensional (3D) island formation and increased surface roughness.147 Post-

deposition annealing procedures are often employed to convert the island morphology into a better-
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defined thin film to address this issue.155 However, this approach requires relatively thick films 

(ranging from 200 nm to 1 m),132, 155 which are incompatible with thin-film current collector 

applications.  

Other strategies for Pt film growth involve introducing oxygen during deposition, which aids 

epitaxy by promoting a single in-plane orientation necessary to eliminate additional parasitic 

twining of the Pt crystallites.137, 155 Alternatively, Pt electrodes have been grown using a Ti 

adhesion layer.159 Nevertheless, rapid diffusion of Ti atoms through the Pt electrodes can lead to a 

Ti-rich Pt surface, prone to oxidation, compromising subsequent Pt deposition at high 

temperatures.137, 159 These limitations underscore the need for alternative strategies to achieve 

smooth, thin, high-quality Pt films.   

 

5.3 Optimization of Epitaxial and Ultra-Smooth Pt Electrodes Grown by PLD 

The deposition of Pt thin films was studied under two distinct atmospheres (10 mTorr Ar and 10 

mTorr 67%Ar + 33%O2) across three different deposition temperatures (25°C, 300°C, and 500°C). 

Surface morphology was examined using AFM (Figure 5.1). Overall, the roughness of the films' 

root mean square (RMS) increases with temperature (Table 5.1).  Specifically, Pt films deposited 

at 25°C exhibited a minimal roughness of less than 2 Å, resembling the sapphire substrate. At 

300°C, the roughness increased to less than 6 Å. Notably, films grown at 500°C displayed a distinct 

percolating network of elongated islands, indicative of 3D island growth mode147. This 

morphology contributed significantly to an elevated RMS (>20 Å) due to the inhomogeneity of 

the films, resulting in 10-15 nm deep trenches. Notably, the sample deposited in Ar at 500°C 

displayed more coalesced grains than those in Ar+O2. The grain morphology of the 300°C samples 



103 

 

demonstrated an intermediary state, displaying characteristics between uniformly small grains 

observed at 25°C and non-uniform larger grains at 500°C.  

Table 5.1. Results of the Pt thin films deposited at different atmospheres and temperatures. The 

RMS roughness was extracted using AFM. The thickness (t), surface roughness (Pt), interfacial roughness 

(Pt/Al2O3), and normalized film density (/Pt) were fitted by XRR. The mosaicity and strain in the (111) 

direction (𝑀𝑜𝑠⊥, 𝑆𝑡𝑟𝑎𝑖𝑛⊥) and in the (220) direction (𝑀𝑜𝑠||, 𝑆𝑡𝑟𝑎𝑖𝑛||), the domain size in the (111) 

direction (𝐿⊥) and the sharp component of the rocking curve (RCsharp) were calculated by XRD. The 

electrical conductivity of the samples is also included.  

Figure 5.1. AFM of Pt thin films deposited at different atmospheres and temperatures. 

The samples were deposited in Ar (top) and Ar+O2 (bottom) atmospheres at different 

temperatures. All scale bars are 250 nm. 
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The interfacial roughness and film thickness of the samples were studied by XRR. The obtained 

XRR data, shown in Figure 5.2 along with the fitted curves, were modeled using an electron 

density profile incorporating various parameters such as Pt thickness (t), Pt/air surface roughness 

(Pt), Pt/Al2O3 interfacial roughness (Pt/Al2O3), and Pt film density (Pt). These fitted parameters 

for all the samples are summarized in Table 5.1. Analyzing the Kiessig fringe periodicity in the 

XRR data unveiled film thicknesses spanning 23 to 34 nm. Consistent with AFM observations, Pt 

increases with higher process temperature, irrespective of the deposition atmosphere. In samples 

grown at 500°C, XRR-measured roughness appeared lower than AFM, possibly attributed to the 

Pt films' inhomogeneity characterized by flat grains and numerous trenches. Consequently, the Pt 

values were approximately 80% of the ideal bulk Pt density (21.4 g/cm3). A two-layer fitting model 

accounted for the irregular Pt surface, incorporating an additional surface layer equivalent to 50% 

of the expected ρPt. Nefedov et al.158 used a similar strategy for fitting XRR data of Pt (111)/Al2O3 

Figure 5.2. XRR of Pt thin films deposited in the two atmospheres and different temperatures. The red 

line shows the XRR fit with the parameters listed in Table 1. 
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(112̅0) deposited at 600°C, where a surface layer accounted for a surface 42% of the expected Pt. 

Including O2 during the deposition led to a systemic interfacial decrease in Pt/Al2O3 for all growth 

temperatures. Prior studies have highlighted that a high O2 partial pressure aids in achieving 

uniform Pt deposition via atomic layer deposition, as the O2 presence enhances the diffusion of Pt 

atoms in the form of PtOx species.160 

XRD investigated the crystalline and epitaxial properties of the Pt samples. All analyzed exhibited 

a Pt (111) Bragg peak without additional crystallographic orientations along the surface normal 

direction. Figure 5.3 illustrates the specular 2θ/ω and rocking curve (RC) ω scans. The films 

deposited at 25°C displayed textured polycrystalline behavior, evident from the weak Pt (111) 

Bragg peaks and broad rocking curves. The films grown at 300°C and 500°C in both atmospheres 

displayed Laue oscillations (corresponding to the thickness of the crystalline layer) in the 2θ/ω 

Figure 5.3. XRD of Pt thin films deposited in the two atmospheres and different temperatures. 

Specular XRD for the samples deposited in (A) Ar and (D) Ar+O2. Rocking curves of Pt thin films 

deposited in (B) Ar and (E) Ar+O2. Off-specular X-ray diffraction of Pt thin films deposited in (C) Ar and 

(F) Ar+O2. 
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scans. The 300°C sample deposited in Ar+O2 displayed superior crystal quality with extended 

oscillations. The out-of-plane domain size (𝐿⊥), determined from Scherrer's equation, closely 

match the thickness determined by XRR (t), confirming no additional thickness above or beneath 

the coherently diffracting domains.161 The conductivities of the samples deposited at 300°C ranked 

among the highest in this study, surpassing 6×106 S/m. The conductivity for all samples is depicted 

in Figure 5.4. The intensity of the Pt (111) Bragg peak generally increases with temperature, 

except for the sample deposited at 500°C in Ar+O2, due to the inadequate grain coalescence 

observed in AFM (Figure 5.1). As presented in Table 5.1, this morphology significantly impacted 

the sample conductivity, resulting in values as low as 1.01×106  S/m and 0.01×106  S/m.  

The rocking curves exhibited one broad and one sharp component, indicating a mixture of 

disordered grain nature and higher orderliness. The broad component is attributed to structural 

defects and local deformation within the Pt lattice planes.123, 158 The rocking curve fitting (Table 

5.1) revealed that the sample deposited at 300°C in Ar+O2 had the highest sharp component 

(60.5%) and the lowest spread in the specular component of the rocking curve (0.8°), indicative of 

Figure 5.4. Electrical conductivity of the Pt thin films deposited in different atmospheres and 

temperatures. 
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superior crystal quality. Similarly, the 500°C Ar-deposited sample also presented a high (59.0%) 

and sharp (0.9°) specular component, benefiting from the high-temperature deposition and 

improved coalescence in comparison to the 500°C in Ar+O2-deposited sample, which displayed 

only a 33% specular component.  

Off-specular φ-scans were conducted to assess the in-plane epitaxial characteristics of the films. 

To determine the in-plane epitaxial nature of the film. As depicted in Figure 5.3 C, the films 

deposited in Ar show two sets of Pt (220) reflections with a three-fold symmetry, complemented 

by lower-intensity twins rotated by 30°. These sets align with the Pt [11̅0]  || Al2O3 [101̅0] epitaxial 

orientation, while the additional 30° rotated domains correspond to Pt [12̅1] || Al2O3 [101̅0].153, 

155 These additional twinning, particularly noticeable at 500°C, compromises the quality of 

subsequent heteroepitaxial film growth by generating more domains.155 As expected, the Pt [220] 

mosaicity improves as temperature increases (4.06° to 0.71°).  

In contrast, the samples deposited in Ar+O2 (Figure 5.3 F) show no additional twinning, with 

improved overall mosaicity observed at 300°C and 500°C (1.49° and 0.60°, respectively). This 

improved crystallinity and epitaxy are attributed to induced layer-by-layer (2D) growth as the 

oxygen reduces the barrier height for the motion of Pt adatoms across step edges.162 Furthermore, 

an elevation in deposition temperature reduces the specular and off-specular strain in the samples, 

indicating an improvement in the Pt/Al2O3 heteroepitaxy (Table 5.1).  

The findings collectively suggest that oxygen in the background gas and an increase in deposition 

temperature enhance crystallinity and mosaicity if 3D island growth is avoided. Considering these 

results, a proposed strategy involves a two-step deposition in Ar+O2, where the initial 5% of the 

total film is deposited at 500°C, followed by the remainder at 300°C. This approach anticipates 
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the first 5% of the film to act as a seeding layer to improve the crystallinity of the subsequent film 

deposited at 300°C.  

Figure 5.5 shows the AFM, XRR, and XRD results for this optimal thin film, as detailed in Table 

5.1. The film morphology displays remarkable ultra-smooth roughness with an RMS of only 2 Å. 

The XRR fitting demonstrates near-ideal Pt/Al2O3 and Pt/air interfaces with interfacial roughness 

as minimal as 2-3 Å. Notably, the out-of-plane domain size of the film closely aligns with the 

thickness determined by XRR. The XRD reveals Laue oscillations, a two-component rocking 

curve, and a two-set of three-fold symmetry of the Pt (220) without additional twining (Figure 

5.5 C- E). The overall crystallinity surpasses the samples deposited at 500°C due to higher 

uniformity, and those deposited at 300°C as the initial higher-temperature growth favors epitaxy. 

As indicated in Table 5.1, the out-of-plane (111) and in-plane (220) mosaicity and strains are 

Figure 5.5. Characterization of the two-step Pt thin film. (A) Atomic force microscopy, (B) X-ray 

reflectivity, (C) specular X-ray diffraction, (D) rocking curve, and (E) off-specular X-ray diffraction. 
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measured at 0.08°/0.32% and 1.02°/0.38%, respectively. The sharp component of the rocking 

curve accounts for 45%, falling between 300°C (60.5%) and 500°C (33.0%) samples deposited in 

Ar+O2 (Table 5.1).  

The two-step deposition in Ar+O2 presents the highest reported electrical conductivity in this study 

(6.9 × 106 S/m), comparable to the sample deposited at 300°C in Ar+O2. The similarity arises 

because 95% of the two-step deposition film comprises Pt deposited at 300°C. The conductivity 

enhancement over the 500°C samples is attributed to the film’s uniformity (Figure 5.5 A and 

Figure 5.1). Although the conductivity does not reach the bulk values of Pt (10.6×106 S/m), it 

closely matches Pt films deposited at higher temperatures (660°C) with similar thickness (24 nm) 

using MBE (~7.7 × 106 S/m).134 Additionally, the conductivity reported surpasses that of hole-free 

Pt films (~120 nm thick) deposited by PLD on sapphire at 300°C and 500°C (2.0-3.2×106 S/m).163 

The crystallinity and strain of the Pt films synthesized via the two-step deposition method were 

further examined using TEM. A representative atomic-resolution TEM image in Figure 5.6 A 

reveals a highly crystalline Pt film, approximately 25 nm thick. Convergent beam electron 

diffraction (CBED), generated by integrating pixels from the complete 4D-STEM dataset covering 

the film and substrate regions (insets in Figure 5.6 A), reveals their respective structures and 

crystallographic alignment.164 The Pt film is viewed along the [112̅] zone axis (ZA), while the 

Al2O3 substrate is in the Al2O3 [101̅0] ZA. Consequently, their epitaxial relationship is established 

as Pt [111] || Al2O3[0001]  and Pt [11̅0] || Al2O3[101̅0], in agreement with the φ-scans XRD 

results.  

To assess the strain within the Pt film deposited via the two-step process, a newly developed 

method utilizing 4D-STEM is applied for precise mapping and quantification of strain using CBED 
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patterns collected at each scanning probe.45 This method has demonstrated its efficacy in a larger 

field of view compared to other techniques, such as Geometrical Phase Analysis.165 The strain 

maps are generated based on these calculations and are shown in Figure 5.6 B. A line profile along 

the Pt region near the film-substrate interface reveals 0.5-1.5% strain in Exx, Eyy, and Exy. Notably, 

the rotation map shows that film rotation primarily occurs within the initial 5 nm of the film from 

the substrate. This observation aligns with the atomic-resolution TEM image shown in Figure 5.6 

A, displaying a linear feature (indicated by a white arrow) located at the film’s bottom with a 

slightly distinct contrast. These findings imply potential structure variations and grain size 

distribution within the bottom section of the film, likely attributed to the two-step deposition.  

The growth evolution of the two-step deposited Pt film was examined by analyzing three additional 

samples of varying thicknesses (2.7 nm, 5.7 nm, and 10.1 nm). The RC of these samples with the 

extra 24.8 nm sample is shown in Figure 5.7. Analysis of the RC reveals a general reduction in 

Figure 5.6. Structural analysis of the two-step deposited Pt films by TEM. (A) Atomic-resolution TEM 

image of the Pt film deposited on Al2O3. The 5 nm seeding layer is indicated. (Insets) CBED patterns of the 

Pt film in the [𝟏𝟏𝟐ഥ] ZA and of the Al2O3 substrate in the [𝟏𝟎𝟏ഥ𝟎] ZA. B) Relative strain (left) and rotation 

(right) distribution through the Pt film. The rotation mainly occurs at the seeding layer. In (B), the film was 

rotated ~90° counterclockwise to the image in A), and the scan was carried out over ~30 nm x 60 nm area 

for the strain analysis.  
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the width of the broad component, as detailed in Table 5.2. This behavior, previously observed in 

the growth of Nb (110) || Al2O3 (112̅0), is explained as an initial 3D growth (Vollmer-Weber 

type), transitioning to an island coalescence.166 The lateral domain size at the interface is small and 

increases with the thickness, contributing to the reduction in the wide component of the rocking 

curve. These results corroborate the increase in the rotation distribution near the Pt/Al2O3 interface.  

 

5.4 Deposition of LiMn2O4 cathode thin film on Ultra-Smooth Pt Electrodes  

The ultra-smooth Pt film deposited using the two-step growth method was used as a current 

collector in a LIB setup. For this purpose, an epitaxial LMO (111) thin film cathode was grown 

on the Pt (111) / Al2O3 (0006) template. A +4.05% lattice mismatch between the cubic LiMn2O4 

unit cell (a=8.149 Å) and Pt (a=3.916 Å) favored 2:1 epitaxial growth. Figure 5.8 A shows the 

LMO (111) Bragg peak at 1.322 Å-1
, revealing 1% strain and a domain size of 4 nm. A subtle 

increase in intensity is noticeable in the Pt (111) Laue oscillations, corresponding to the LiMn2O4 

(222) Bragg peak.  

Figure 5.7. RC of the two-step deposited Pt film for different thicknesses. 
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The RC FWHM of the LMO (111) was 1.16°, higher than the 0.08° mosaicity from the Pt (111) 

(Figure 5.8 B). Despite this, the LMO (111) FWHM is lower than that reported for LMO (111) 

deposited on Pt (111) / MgO (001) using PLD (2°), reflecting the higher crystal quality of the 

two-step growth Pt.145 The epitaxy was investigated with off-specular φ-scans of the LMO (400) 

and Pt (400) Bragg peaks (located at 43.04° and 103.78° in 2θ, respectively), confirming the LMO 

[11̅0] || Pt [11̅0] in-plane epitaxial orientation. A two-set of three-fold symmetry peaks, 60° apart, 

aligns with the Pt twinning (Figure 5.8 C). The LMO (400) mosaicity in the φ-scan was 1.07°, 

which is lower than the reported for LMO (111) deposited on Pt (111) / MgO (001) by PLD 

(1.7°).145   

Finally, the LMO cathode underwent electrochemical cycling utilizing a solid-state h-BN ionogel 

electrolyte containing h-BN nanoflakes and EMIM-TFSI ionic liquid.71 The cyclic voltammetry 

depicted in Figure 5.8 D displays the characteristic Mn3+/Mn4+ redox peaks specific for LiMn2O4. 

The cyclability in the 3.5-4.3 V vs. Li/Li+ range demonstrates the effectiveness of employing the 

two-step growth Pt thin film as a current collector for LIB applications.  

 

Table 5.2. FWHM of the broad component of the RC using the of the two-step deposited Pt film for 

different thicknesses.  
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5.5 Summary 

This study focused on optimizing and using Pt (111) thin films as a current collector in LIB 

application. The films were deposited by PLD on Al2O3 (0001) substrates under various 

atmospheres and deposition temperatures. The film growth was optimized based on their 

morphological, structural, and interfacial properties. Following these results, a two-step 

temperature process (500/300°C) in an Ar+O2 atmosphere emerged as the optimal condition, 

showcasing improved film crystallinity and mitigated 3D island growth. This procedure involved 

depositing the first 5% of the film at a higher temperature. The optimized process yielded ultra-

Figure 5.8. Characterization of the LMO film grown on the two-step deposited Pt thin films. (A) 

Specular XRD, (B) RC, and (C) off-specular XRD of this sample. (D) Cyclic voltammetry of the LMO 

thin film using the Pt thin film as the current collector. 
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smooth films (<2 Å), exhibiting high conductivity (~7 × 106 S/m) and a high degree of epitaxy, 

serving as excellent templates for subsequent epitaxial growth.   

Detailed analyses using 4D-STEM unveiled the film's grain evolution and strain distribution. 

Notably, a thin interfacial layer displayed considerable rotational strain, attributed to the initial 3D 

growth transitioning into island coalescence. Furthermore, LMO (111) was grown epitaxially on 

the optimized Pt (111) template and successfully cycled in a LIB setup utilizing a solid-state h-

BN ionogel electrolyte.  

 

5.6 Experimental Methods 

5.6.1 Sample Preparation 

The Pt thin films were deposited by PLD on sapphire α-Al2O3 (0001) substrates (University Wafer, 

Inc.). Initially, the substrates were cleaned with acetone and isopropanol and annealed at 1100°C 

for two hours in air. The substrate miscut was 0.2° as measured by X-ray diffraction (XRD). The 

depositions were performed in a PVD Products NanoPLD 1000 with a 248 mm KrF excimer laser, 

focused to1.5 mm × 3 mm on a metallic Pt target (Refining Systems, Inc.) with a final energy of 

175 mJ/pulse at 5 Hz. Initially, thin films were deposited in 100% Ar and a mixture of 67% Ar + 

33%O2 (Ar+O2) at three different deposition temperatures: 25°C, 300°C, and 500°C. 

Subsequently, a two-step temperature growth process (500°C/300°C) was implemented in the 

Ar+O2 mixture at 500°C for the initial 5% of the total film and 300°C for the remaining film. All 

the Pt films were approximately 30 nm in thickness. The LMO cathode thin film was deposited on 

the two-step temperature Pt film in the same PLD instrument employing a Li1.3Mn2O4.14 target 
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(Kurt J. Lesker) at 140 mJ/pulse at 5 Hz. The deposition was performed at 400°C under an O2 

partial pressure of  75 mTorr, followed by a one-hour annealing under the same conditions.  

5.6.2 Atomic Force Microscopy 

The surface morphology of the Pt films was analyzed by AFM using Asylum Cypher AFM with a 

Si cantilever used in tapping mode at a scanning rate of 1 Hz.  

5.6.3 X-ray Reflectivity and Diffraction 

X-ray characterization was performed to investigate various aspects of the thin film, including 

interfaces, crystal orientation, and epitaxy. XRR measurements were performed in a Rigaku 

ATXG diffractometer with an 18 kW Cu rotating anode (λ = 1.5418 Å) with a 0.1 mm × 2.0 mm 

collimated beam. The XRR data were corrected for footprint and background signal, followed by 

further analysis using MotoFit Software14.  Specular (2θ/ω), off-specular (φ), and rocking curve 

(ω) X-ray diffraction (XRD) measurements were conducted in a Smartlab Gen 2 9 kW 5-circle 

diffractometer equipped with a Ge (220) 2-bounce monochromator (λ = 1.5406 Å) with a 0.5 mm 

× 2 mm collimated beam. The rocking curves obtained at the film Bragg peaks underwent fitting 

procedures utilizing two Gaussians, a sharp peak on top of a broad diffuse peak.  All the XRR and 

XRD measurements were normalized with the corresponding straight-through-beam intensity and 

plotted as a function of the scattering vector q = 4πSinθ/λ.  

5.6.4 Four-probe resistivity 

The electrical conductivity was measured with a 4-probe configuration using a Keithley 2450 

source meter. 
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5.6.5 Transmission Electron Microscopy 

Cross-section TEM samples were prepared using a dual-beam FIB) FEI-SEM Helios Nanolab. The 

process involved a lift-off performed at 30 kV Ga+ ions and a cleaning step at 2 kV to remove 

surface damage in the area of interest. The resultant sample thickness was reduced to below 100 

nm. TEM and scanning transmission electron microscopy (STEM) data were collected using a 

probe-corrected JEOL ARM200 S/TEM operating at 200 kV. The annular dark-field-STEM 

(ADF-STEM) imaging employed a convergent angle of 25 mrad. Electron dispersive spectroscopy 

(EDS) was acquired at 200 kV. Furthermore, a four-dimensional STEM (4D-STEM) approach was 

adopted using a  OneView camera with a software bin size of 512 × 512 or 256 × 256 pixels. 

During the 4D-STEM experiments, a convergent angle of 3.5 mrad was utilized, with a camera 

length of 20 cm and a step size maintained between 5-10 Å.  

Data processing encompassed analyses such as EDS chemical mapping, strain mapping, and 

quantification via 4D-STEM. Such procedures were done using Gatan GMS software and an open-

source py4DSTEM package.45 The 4D-STEM strain mapping and quantification process relied on 

the methodology presented by Ozdol et al.165 In summary, this method involved the assignment of 

two principal orientations (diffraction disks) within the film (e.g. [11̅0] and [111]), tracking the 

displacement of their center (vectors g1, g2) from an "unstrained" area (vectors g*
1, g*

2). The 

transformation matrix (T) was calculated using g = T· g* for each diffraction pattern as the probe 

scanned the sample. The T matrix was then separated into a rotation matrix (R) and a symmetric 

strain matrix (U) through a polar decomposition T = RU. The planar strains were computed by 

Exx = 1 − U00 and Eyy = 1 − U11, shear strain by Exy = 1 − U01, and rotation by 𝜃 = cos−1(𝑅00). 

Gatan GMS Software or the open-source py4DSTEM package regularized the strain calculations. 
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In our study, the unstrained area is chosen to be in the middle of the film (5 × 5 nm), far away from 

any interfaces or an average value of the entire film; both give similar results. 

5.6.6 Cyclic Voltammetry  

The LMO/Pt/Al2O3 sample was hermetically sealed inside an Ar-filled glovebox within an X-ray 

transmission cell.112 A hexagonal boron nitride (h-BN) ionogel electrolyte71, 167-170 and a Li metal 

counter electrode (0.75 mm thick, Alfa Aesar) were employed to assess the electrochemical 

performance of the LiMn2O4 cathode and evaluate the efficacy of the Pt current collector. The cell 

was connected to an electrochemical workstation (CHI760E) for cyclic voltammetry conducted at 

a scan rate of 0.2 mV/s, in the potential range of  3.5-4.3 V vs. Li/Li+.   
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CHAPTER 6:  

INTERFACIAL ENGINEERING OF QUANTUM 

INFORMATION MATERIALS IN 

SUPERCONDUCTING QUBITS 

 

6.1 Overview  

After decades of continuous advancements, the field of computing is now entering a maturity 

phase. Despite the inherent complexities involved in manufacturing and operating modern 

quantum computers, which require extremely low temperatures, quantum computers are now 

accessible to users globally.171 Major companies like IBM, Google, Microsoft, and Amazon offer 

remote access to their quantum computer resources, offering a platform for conducting 

experiments that were once considered classically intractable.172 The significance of quantum 

technology has risen, making it a priority in economic and national security sectors. In the United 

States, the National Quantum Initiative Act, signed in 2018, has empowered the National Science 

Foundation (NSF) and the Department of Energy (DOE) to establish new research centers and 

institutes to expedite the development of quantum computing technology.173  

Quantum algorithms utilize qubits, distinct from classical bits, as they can represent a 

superposition of multiple states. This unique characteristic allows qubits to surpass the capacity of 

binary logic in traditional computing. In the case of a single qubit, it can represent the state of two 

bits, | 0 > and | 1 >, each assigned a probability coefficient. With two qubits, the representation 
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expands to four possible bit states: | 0 0 ⟩, | 0 1 ⟩, | 1 0 ⟩, and | 1 1 ⟩. The accessible computational 

space grows as 2𝑁 for N qubits, a surprisingly high number considering that 80 qubits can represent 

approximately all the information stored in all the matter particles in the observable universe.174  

Quantum computers excel in specific computational tasks where classical computers fall short, 

particularly in managing large datasets or complex systems. Algorithms like Shor’s for factoring 

large numbers and Grove’s for database searching demonstrate significant advantages over 

classical counterparts.175 The impact of quantum computing extends across diverse fields, 

including artificial intelligence, cybersecurity, logistics, meteorology, and molecular modeling. 

For example, understanding the nitrogenase mechanism in natural nitrogen fixation remains a 

mystery.176 Quantum computers could potentially unravel this mystery, offering an alternative to 

the energy-intensive Haber-Bosch method, which currently consumes 2-3% of the world’s 

energy.177  

Superconducting qubits represent a mature quantum platform for building multi-qubit quantum 

processors. Here, the fabrication of the circuit elements involves standard fabrication processes, 

including lithography, etching, and metal deposition of superconductive materials.178 However, 

these processes introduce defects that impact the circuit performance. Enhancing coherence, the 

ability of a qubit to maintain its state is a primary challenge at mK temperatures, where two-level 

systems (TLS) dominate decoherence sources.179 Despite the unclear microscopic origins of TLS, 

amorphous surface dielectrics like SiO2 or Nb2O5 are known to host them.180 Additionally, 

quasiparticles and magnetic flux noise are other noise sources that can affect decoherence in qubits. 

Efforts to identify, understand, and mitigate these sources of decoherence, most of the time located 

at interfaces, are necessary to enhance quantum computing performance.  
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6.2 Quantum Computing and Superconducting Qubits 

Various physical systems have been demonstrated for qubit generation, such as electron spins in 

silicon,181 and quantum dots,182 trapped ions,183 nitrogen-vacancies in diamond,184 molecular 

systems,185 and polarized photons.186, 187 Quantum information in these processes is encoded in a 

two-level system (TLS) associated with a microscopic state of the system like charge, spin, or 

polarization.  

An alternative approach involves superconducting qubits based on macroscopic superconductive 

quantum circuits, lithographically defined, where the TLS originates from an anharmonic 

oscillator.188 Josephson junctions (JJs) play a crucial role in superconducting qubits. When two 

superconductors are connected by a thin insulating layer, a non-dissipative and non-linear JJ is 

formed, enabling coherent tunneling of Cooper pairs.  

JJs have found applications since their demonstration in 1962,189 including superconducting 

quantum interference devices (SQUID)190 and qubit generation191. Fig. 6.1 A illustrates a JJ's 

schematic and circuit element representation. Favored by its fabrication simplicity, numerous types 

of JJs have been developed, Al/AlOx/Al being one of the preferred choices due to well-controlled 

deposition and oxidation methods.192, 193 Fig. 6.1 B shows an SEM image of a typical JJ. Another 

circuit element, a superconducting resonator, comprises inductive (L) and capacitive (C) 

components. Fig. 6.1 C shows an optical image of a resonator. Superconducting quantum devices 

utilize these two basic components for qubit generation, protection, and readout.194  
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Figure 6.1. Superconducting circuit overview. (A) Element representation of a Josephson junction 

consists of two layers of aluminum separated by an aluminum oxide thin barrier.195 (B) SEM image of a 

bridge-free Josephson junction.195 (C) Optical image of an Al on Si resonator capacitively coupled to a 

feed-line.196 (D) Circuit of an LC resonator with its equivalent energy potential corresponding to a 

quantum harmonic oscillator.197 (E) Circuit of a Josephson qubit circuit with its sinusoidal (blue line) 

potential, which differs from the quadratic potential (orange line).197, 198 Retrieved from Refs.195-197, 199 

The 𝐿𝐶 circuit is quantized as a quantum harmonic oscillator with a resonant frequency. 𝜔𝑐 =

√1/𝐿𝐶 faces a challenge as it cannot operate as a qubit due to equidistant energy levels, as shown 

in Fig 6.1 D. To address this, a JJ replaces the linear inductor, creating non-equidistant energy 

levels and isolating the lowest energy levels states | 0 ⟩  and | 1 ⟩ with a unique transition frequency 

of ℏ𝜔01.  

Different superconducting qubits can be designed by incorporating JJs, linear inductors, and 

capacitors in different configurations. The three fundamental superconducting qubits are the 
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charge qubit,200 flux qubit,201 and phase qubit202. The charge qubit involves a charge box controlled 

by an external voltage (Vg), the flux qubit operates through an external magnetic flux (Φext), and 

the phase qubit is connected to a static bias (Ib).
203  

For instance, the charge qubit circuit (Fig. 6.2 A) excludes a linear inductor and is based on a 

Cooper pair box (CPB). The CPB consists of a  small superconducting island (black dot with node 

flux Φ) connected via a JJ to a large electrode, called a bulk or reservoir (Fig. 6.2 B).200, 204 Cooper-

pairs can tunnel on and off through the island, and an external voltage (𝑉𝑔) through a gate 

capacitance (𝐶𝑔) is used to determine the charge offset 𝑛𝑔 = 𝐶𝑔𝑉𝑔/2𝑒 which is used to tune the 

qubit frequency. The Hamiltonian for a charge qubit is given by: 

 𝐻 = 4 𝐸𝐶  (𝑛̂ − 𝑛𝑔)2 − 𝐸𝐽 𝑐𝑜𝑠𝜑̂ Eq. 6.1 

Here, 𝑛̂ denotes the excess of Cooper pairs on the island, and 𝜑̂ the phase difference across the JJ. 

The key parameters include 𝐸𝐽, the junction energy is given by 𝐸𝐽 = ℏ2/(4𝑒2𝐿𝐽), and 𝐸𝐶, the 

charging energy is given by 𝐸𝐶 = 𝑒2/(2𝐶𝑄), where 𝐿𝐽 is the JJ inductance, and 𝐶𝑄 is the total qubit 

capacitance, incorporating the JJ and shunting capacitor.   

In the case of a CPB, the ratio 𝐸𝐽/𝐸𝐶  is approximately 1, leading to high sensitivity to noise and 

significant large device-to-device variability.197, 205 To address this, the transmon qubit is 

introduced, operating in the 𝐸𝐽/𝐸𝐶 > 30 regime.206 This is achieved by increasing the island size, 

adding more shunting capacitance, and effectively decreasing 𝐸𝐶.205 The transmon (Figure 6.2 C) 

consists of a JJ connected to two shunting capacitor (𝐶) paddles (purple), capacitively coupled 

(𝐶𝐶) to a resonator (green). Its circuit diagram is shown in Figure 6.2 D. Improved isolation from  
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the external environment is achieved by coupling the transmon to a 2D coplanar waveguide 

(CPW)194, 206, or a 3D cavity,207, 208 leveraging weaker electric fields at different interfaces. Figure  

6.2 E shows a physical realization of transmon dissipative coupled to 2D and 3D systems. 

Processors based on superconducting transmons have been scaled up, with examples reaching 65 

fully programmable qubits on a single chip, demonstrating high fidelity.211, 212 

The TLS of a qubit is illustrated through a Bloch sphere (Figure 6.3 A), wherein a Bloch vector 

| Ψ ⟩ = 𝛼2 | 0 ⟩  + 𝛽2 | 1 ⟩ represents the qubit state. The quantization of the qubit is depicted 

along the longitudinal axis with an additional transverse axis, representing relaxation and pure  

 

Figure 6.2.  Charge qubit and transmon overview. (A) Josephson junction charge qubit circuit.203 (B) 

False-color SEM image of a Cooper pair box (blue) fabricated on a silicon substrate (green) capacitively 

coupled to a resonator (light blue).204 (C) False color optical image of a transmon qubit. Niobium regions 

include the CPW resonator (green), the transmon capacitor pads (purple), and the ground plane (gray). 

The black area indicates the sapphire substrate.209 (D) Circuit diagram of a transmon qubit coupled with 

a resonator.209 (E) Transmon devices dispersive coupled to a superconducting cavity in either 2D coplanar 

waveguide and 3D configuration.195, 210. Retrieved and adapted from Refs. 195, 203, 204, 209, 210 
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dephasing, respectively. For a more detailed explanation of noise and decoherence models, refer 

to a review from Krantz.188  

The transverse relaxation 𝑇2 describes the decoherence of a superposition state and is derived from 

the longitudinal relaxation 𝑇1 and the pure dephasing time 𝑇𝜑, as expressed by the equation: 

 1

𝑇2
=

1

2𝑇1
+

1

𝑇𝜑
 Eq. 6.2 

𝑇1 and 𝑇2 serve as crucial metrics for assessing the qubit’s energy relaxation (energy dissipation 

to the environment) and dephasing (loss of information). Experimental measurements involve 

observing the decay of an excited qubit for 𝑇1 and utilizing Ramsey interferometry for 𝑇2 

evaluation.214, 215 Figure 6.3 C illustrates a consistent increase in coherence time across various 

 

Figure 6.3. Qubit relaxation mechanism and lifetime evolution in recent years. (A) Bloch-sphere 

representation of the energy relaxation of a qubit (𝑇1) and (B) dephasing of a qubit which together with 

𝑇1, contributes to the decoherence time 𝑇2.213 (C) Evolution of lifetimes and coherence times in 

superconducting qubits.197 
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superconducting qubits over the years. A notable improvement of four orders of magnitude in 𝑇1 

is observed for a 2D transmon compared to a Cooper pair box. Recent advancements have reported 

2D transmons qubits based on Ta superconductors coherence times surpassing 300 s216 and 500 

s.217  

6.3 Loss Mechanisms in Superconducting Qubits 

Superconducting qubits face challenges from various source mechanisms that can impact their 

coherence and overall performance. These losses reside in the bulk materials, surface and 

interfaces, and the external environment. Notably, significant research has been dedicated to 

understanding two primary sources of losses: TLS losses in dielectrics and non-equilibrium 

quasiparticles (QPs) in the superconductor. 218  

Figure 6.4 A provides a schematic of a 2D transmon, highlighting the diverse bulk materials 

(superconducting metal, insulating substrate, and dielectric amorphous layers) and interfaces 

(metal/air, metal/substrate, and substrate/air), along with the different loss sources. The JJ within 

the transmon can contribute to TLS losses attributed to amorphous oxides and QPs tunneling 

(Figure 6.4 B and C). Additionally, TLS losses may be present on the substrate, manifesting as 

lossy surfaces, and on the metal as native oxides. The metal can also present QP losses in the form 

of resistive losses. Furthermore, the substrate and interfaces can also lead to dissipation when high-

loss tangent materials are present. Finally, surface spins cause flux noise (Figure 6.4 D and E).  

TLS losses have attracted substantial interest because they are the dominant form of dielectric loss 

at mK temperatures.180 While the precise microscopic nature of TLS loss remains a subject of  
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debate,179 it is acknowledged that it occurs through the interaction of an electromagnetic field with 

bulk dielectrics,180, 219 surface oxides,220 and interfaces.221 Amorphous materials, particularly, are  

a primary candidate for hosting TLS. For example, in the fabrication of Al/AlOx/Al JJ, the 

formation of an amorphous surface AlOx, a high-loss material222 (Figure 6.5 A), is integral once 

the JJ exists in the deposition chamber or undergoes intentional oxidation to create the barrier.  

Various models of TLS formation in the JJ involve tunneling atoms, dangling bonds, and trapped 

charges (Figure 6.5 B).179  Martinis et al. 180 identified dangling OH defects as a predominant 

source of TLS in amorphous SiO2 and AlOx grown by Chemical Vapor Deposition (CVD). 

Notably, a higher concentration of these defects was observed in SiO2 than in a SiNx dielectric, 

attributed to the SiH4 and O2 precursor gases used in the CVD.  The Rabi oscillations for a phase 

 

Figure 6.4. Loss sources in superconducting qubits. (A) Schematic of a superconducting transmon 

qubit. , showcasing the different bulk materials and interfaces. (B-E) Loss mechanisms in transmon 

qubits: (B) TLS system arising from the amorphous oxide (inset), (C) QP tunneling through the junction 

and transport across the superconductor, (D) Lossy dielectrics lead to dissipation at the different 

interfaces, and (E) surface spins lead to flux noise. Retrieved from Ref. 218 
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qubit (Figure 6.5 C), utilized for 𝑇1 calculation, indicate a substantial increase in 𝑇1 (20 times) 

upon switching from SiO2 to SiNx, elucidating the importance of using low-loss dielectrics.180 

The interaction between the different areas of the transmon and the external electric field leads to 

dissipation at interfaces, known as dielectric loss. In Figure 6.6 A, the impact of an electric field 

generated by a transmission-line resonator on TLS sources at various interfaces (substrate-vacuum 

(SV), metal-substrate (MS), and metal-vacuum (MV)) is illustrated. Generally, amorphous 

materials possess a higher dielectric loss than their crystalline counterparts due to the elevated 

density of TLS.223  

Optimizing geometry parameters, focusing on minimizing the participation of lossy interfaces, 

offers a promising avenue to enhance decoherence in superconducting devices.224 Dielectric loss 

participation ratios (𝑃𝑖) for the different interfaces has been approximated by considering the 

boundary conditions at the interfaces using finite-element electromagnetic simulation analysis 

(Figure 6.6 B).210, 225 Studies indicate that for coplanar architectures, the participation ratio of SV  

 

Figure 6.5. TLS losses associated with the dielectric in the JJ. (A) SEM image of an Al/AlOx/Al JJ.193 

(B) Sketch of a JJ formed by two Al electrodes separated with a 2 nm amorphous AlOx dielectric. TLS 

mechanisms are illustrated here, including tunneling atoms, dangling bonds, and trapped charges.198 (C) 

Rabi oscillations for two qubits working with SiO2 and SiNx dielectric. The decay represents the 

relaxation time 𝑇1.180 Retrieved from Refs. 193, 198 
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and MS interfaces is significantly larger  (~100 times) than that of  MV. A similar result was found 

by Murray et al. with an additional hypothetical contamination layer thickness in the three different 

interfaces.226 Quintana et al. pointed out that at low permittivity interface layer (𝜀𝑟~2)  

 

Figure 6.6. Participation of the different interfaces and respective loss sources. (A) Schematic of a 

coplanar transmission-line resonator and an overview of mechanisms associated with TLS formation at 

the three main interfaces (circles).179 (B) 2D finite-element mesh used to calculate participation ratios of 

the dielectric regions: metal-substrate (MS in red), substrate-air (SA in blue), and metal-air (MA in 

purple).210 (C) 𝑻𝟏 limit at 6 GHz due to the loss for the three different interfaces in a CPW resonator.199  

Retrieved and adapted from Refs. 179, 199, 210 
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corresponding to the permittivity of a copolymer resist, MV and SV interfaces contribute similarly, 

while MS still exhibits the highest 𝑃𝑖 (Figure 6.6 C).199 

Beyond TLS and interfacial dissipation losses, the presence of QPs affects superconducting 

devices. The losses are associated with non-equilibrium QPs behaving like particles with energy 

and charge in the superconductor, causing dissipation and reducing the coherence. QPs generation 

can occur from Cooper-pair breaking from various sources such as infrared radiation,227 ionizing 

radiation (β-particles, γ-rays, and X-rays),228, and cosmic rays.229 Additionally, QPs can be 

generated by microwave read-out devices when the frequency is below the gap frequency of the 

superconductor. 230 

CPW resonators serve as a convenient qubit proxy for assessing performance and studying 

different loss mechanisms, including TLSs and QPs. 231 Due to its fabrication simplicity compared 

to superconducting qubits, CPW can be geometrically tuned to increase the participation ratio of 

 

Figure 6.7. Loss versus power plot for a CPW resonator. The power of the resonating microwaves, 

proportional to ⟨𝑛⟩/𝑛c where ⟨𝑛⟩ is the number of photons and 𝑛c is the critical number of photons, below 

which TLS loss dominates. Retrieved and adapted from Ref. 231 
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the different interfaces. Notably, loss channels can be distinguished during power-sweep 

measurements. Figure 6.7 illustrates the power dependence and relative distributions of the 

various loss channels contributing to the total loss in the resonator: TLS loss (𝛿𝑇𝐿𝑆), QP loss due 

to microwave-induced pair-breaking (𝛿𝑞𝑝,𝜇𝑤), and the sum of all power-independent losses 

(𝛿𝑜𝑡ℎ𝑒𝑟). In the single photon regime, losses are dominated by dominated by 𝛿𝑇𝐿𝑆, while at higher 

powers, 𝛿𝑞𝑝,𝜇𝑤 becomes a relevant contributor.  

 

6.4 Materials Matter in Superconducting Qubits 

The challenge in superconducting qubits is constructing nearly perfect devices from inherently 

defective materials. Mitigating or minimizing loss mechanisms in bulk materials and interfaces is 

crucial. Various strategies have been explored, such as eliminating lossy dielectrics, using less 

reactive superconducting materials, optimizing fabrication recipes to diminish TLS losses at 

interfaces, and fabricating crystalline electrodes and tunnel junctions.179 The following 

summarizes the latest advances in materials addressing these challenges.   

6.4.1 Bulk Substrates  

Low-loss substrates are crucial in coplanar geometries as most of the electric energy resides there 

(~90%).195 The resonator quality (𝑄) and 𝑇1 are inversely proportional to the loss tangent 

(𝑡𝑎𝑛𝛿0).196 Sapphire and high-resistivity Si (>1000 -cm) have been proven to be substrates with 

long coherence times.232 While sapphire has a lower loss tangent (𝑡𝑎𝑛𝛿0 = 10−8) compared to for 

high-resistivity Si (𝑡𝑎𝑛𝛿0 = 10−6), there is no significant trend in TLS loss between fabrication 

devices deposited on sapphire and silicon.196 Still, high-quality with low-impurities substrates are 
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essential for achieving high-coherence times. Advancement in sapphire and Si single crystal 

growth have minimized their attributed loss.233, 234 Studies comparing substrate quality and 

superconducting qubit properties reveal that Si doping reduces the Nb resonator performance,235 

float zone melting method for purified 28Si substrates improves Si loss tangent,236 and sapphire 

substrates grown by the heat exchange method result in higher quality transmons than those grown 

by the edge-defined film-fed method.219 

Crystalline materials exhibit several orders of magnitude loss rates lower than their disordered 

counterparts. Figure 6.8 A depicts the loss tangent between different crystalline substrates, and  

Figure 6.8 B between different amorphous and dielectric thin films.213 Ion milling processes, 

necessary for removing underlying lossy dielectrics such as SiO2 for improving contact, 199 can 

increase loss tangent several orders of magnitude (Figure 6.8 A).  

 

6.4.2 Tunnel Junctions 

To date, creating a tunnel barrier in superconducting qubits is most effectively achieved through 

the oxidation of the superconducting metal or room-temperature oxide deposition. These two 

methods produce an amorphous layer that hosts TLS losses. As seen in Figure 6.8 B, the loss 

tangent of dielectrics varies with the deposition technique due to the different chemistries and 

physical effects involved. TLS sources such as OH- radicals in SiO2 and Al2O3,
180, 237, 238 

amorphization of Si,239 and increment in the nitrogen concentration in SiN,240 all increase the 

dielectric contribution to the loss.    
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Crystalline and epitaxial tunnel barriers have been explored to decrease losses, with examples like 

Al2O3 crystalline barrier241 in a Re/Ti-Al2O3-Al JJ exhibiting lower losses (𝑡𝑎𝑛𝛿0 = 6 × 10−5) 

compared to conventional amorphous242 Al2O3 in an Al-AlOx-Al (𝑡𝑎𝑛𝛿0 = 1 × 10−3). Cubic AlN  

 

Figure 6.8. Overview of the use of materials in fabricating CPW resonators and transmons with 

different figures of merit.  (A) Comparison of loss tangents for single crystal substrates and (B) 

dielectric films measured below 100 mK. (C) Comparison of quality factors of CPW resonators for three 

different deposition methods on Si and sapphire. (D) Comparison of quality factors of transmon qubits 

fabricated using various deposition methods and superconducting metallization. Retrieved and adapted 

from Ref. 245 
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in NbN-AlN-NbN trilayer on Mg (100) resulted in a lower 𝑇1 of 250-450 ns compared to shadow-

evaporated junctions.243 MgO, while possessing a higher loss tangent than Si and Al2O3 (Figure 6 

A), was attributed to the low relaxation time. Recently, Kim et al. 244 addressed the use of MgO 

by introducing a TiN buffer layer on Si, obtaining a qubit relaxation time of 16.3 s. Other try-

outs, such as Al/GaAs/Al trilayer246, evidenced the need to use non-piezoelectric materials to avoid 

loss due to phonon radiation.247  

 

6.4.3 Metallic Films 

The deposition and subsequent processing of metallic films intricately influence the overall 

performance of superconducting devices. The composition, impurity level, disorder, stress, 

stoichiometry, and crystal growth method can impact the TLS loss.196 Aluminum, the most used 

superconductor, owes its popularity to the robust oxide layer, allowing precise control in JJ 

fabrication using simple shadow mask evaporation.193 As shown in Figure 6.8 C, evaporated Al 

films show a similar quality factor 𝑄 in CPW resonators to those deposited by MBE. This suggests 

that different factors are involved besides the deposition process. Regarding the quality factor in 

transmons (Figure 6.8 D), Sputtered-deposited Nb has provided the best performance, even though 

MBE must offer an overall better crystal quality. In a comparative study, Kamal et al.248 found 

that the lateral grain size of the MBE-grown Al film was more significant (0.3-1 m) than the 

evaporated Al (0.1-0.3 m). Additionally, an interlayer was observed in the evaporated-Al/Al2O3 

interface (0.5 nm). These two factors should have caused the MBE-Al-based transmon to surpass 

the evaporated one. However, the main factor that increased the performance of these transmons 

was the substrate annealing prior deposition since the as-received substrate caused the thickest 
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Al2O3/Al interfaces (1.2-1.5 nm) and the lowest 𝑇1′𝑠 (0.2-0.3 s), independently of the deposition 

method. Additionally, Megrant et al.249 concluded that the substrate surface cleaning and high-

temperature annealing were the leading causes of improving the quality factor of Al films 

deposited by MBE and Sputtering   

Considering the low critical temperature (𝑇𝑐) and superconducting gap energy of Al, susceptibility 

quasiparticle excitation is observed.213 Other superconducting materials with higher 𝑇𝑐 such as Nb 

(9.2 K),  Ta (4.5 K), Re (3 K), NbN (16 K), TiN (5.6 K), and Re-Mo alloys (10 K) have been 

explored. Sage et al.250 compared 𝑄 values for resonators fabricated from polycrystalline Nb, Al, 

and TiN, as well as epitaxial Al and Rh. Nb/Si had the highest loss (1.5 × 10−5) while TiN/Si had 

the lowest (9.6 × 10−7). In TiN, the 𝑄 values in resonators patterned with preferential (200) 

direction were 10 times higher than (111).251 Additionally, an optimized TiN resonator was 

obtained by reducing the strain in a film by increasing the N2 pressure during the sputtering 

deposition.252 Transmons fabricated with Ta demonstrate the highest performance, with 𝑇1 

exceeding 300 s.216 The hypothesis is that Ta forms a very thin and chemically robust oxide, 

contrasting with niobium. Epitaxial films such as Re (0002)253 and Al (111)254 aim to mitigate 

microstructural defects due to their close mismatch to Al2O3 (006) and both Si (111) and Al2O3 

(006), respectively. However, it is challenging to attribute losses to only one study parameter since 

materials will have different properties considering the growth technique and growth parameters 

optimization, leading to different morphologies.209 To date, the best quality factors have been 

achieved using polycrystalline metallic films and amorphous tunnel barriers.213 
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6.4.5 Surface Treatments 

Efficient surface treatments are pivotal to mitigating surface-related losses that arise from 

uncontrolled surface states, oxides, and contamination. Pre-deposition cleaning of substrates, for 

instance, in Si-based systems, commonly involves an HF-dip to remove native oxides, reducing 

TLS losses.255 Additional treatments, such as RCA-1 and high-vacuum annealing (880-950°), have 

been explored in Al/Si resonators.256 Also, hexamethyldisilazane (HMDS) for creating a 

hydrophobic surface has improved the quality factor in NbTiN CPW resonators257 and transmons 

qubits with 𝑇1 > 100 𝑠258. High-temperature annealing (>1000°C) eliminates organic residue 

and reconstructs the surface for sapphire substrates.248 The use of oxygen plasma over Ar-ion 

milling for cleaning is preferred. Quintana et al. 199 found that intense Ar-ion milling degrades the 

substrate quality by incorporating Ar-ions.  

Post-deposition cleaning and etching procedures play a crucial role in device fabrication. For 

example, HF treatment significantly improves the quality factor of  Nb-based resonators by 

removing the Nb2O5 (𝑡𝑎𝑛𝛿0~10−2), a significant source of microwave loss.259 Buffered oxide 

etchant (BOE) has been employed for post-fabrication interface modification, enhancing CPW 

Nb/Si resonator performance.260 Figure 6.9 A and B show the material's etching effect on the CPW 

Nb resonators at different etching times. For the non-etched CPW, XPS and CS-TEM showed that 

the thickness of the amorphous NbOx layer is 4.5 nm while the SiOx is 3 nm. As the time of BOE 

(5:1) dip-etching increases, the NbOx and SiOx are reduced in size. As seen in the XPS spectra and 

CS-TEM, the SiOx was eliminated after only 30 s of etching, while the NbOx was removed entirely 

after 1200 s. After CPW measurements, the main finding was that the SV interface is the main 

contributor to 𝛿𝑇𝐿𝑆 since after only 30 seconds, the 𝛿𝑇𝐿𝑆 are severely reduced, while the MV is the 

primary source of 𝛿𝑜𝑡ℎ𝑒𝑟 since more time is needed to reduce it (Figure 6.9 C). The relationship  
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between Nb oxide thickness for different etching times and overall resonator loss can be seen in 

Figure 6.9 D. Clearly, the reduction of amorphous oxide enhances the performance of the CPW 

resonators.  

Dry etching processes such as inductively coupled plasma (ICP) and reactive ion etching (RIE) 

based on SF6 and CF4 chemistries 261 were used to etch Ta films. The longer coherence time 

transmons were achieved using these dry etching processes.217 Lift-off processes and the use of 

bandages for connecting Al electrodes have also seen continuous optimization.258, 263     

In integrating 2D transmons with 3D architectures to enhance coherence time, addressing Nb2O5 

and Nb hydrides is crucial. Surface treatments through chemical etching and annealing processes 

 

Figure 6.9. BOE etch effect on CPW Nb resonators. (A) XPS spectra comparing the MV and SV 

interfaces after BOE etching treatments. (B) CS-TEM of the MV interface after etching treatments. (C) 

Pie plots comparing loss distributions of TLS and high- power loss. (D) Histograms correlating the NbOx 

thickness, determined by XPS, and the resonator loss. resonator loss. Retrieved from Ref. 262  
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are of great interest in 3D niobium superconducting radiofrequency (SRF) cavities. Removal of 

Nb2O5 was achieved by in situ UHV annealing at 340-450°C, reducing the participation of TLS 

loss to obtain photon lifetimes of up to 2 seconds.264 Polishing methods to improve surfaces in 

SRF cavities include BOE and electropolishing. These methods exposed the Nb metal to the 

solutions and air, which quickly caused hydrogen to be absorbed.265 The presence of niobium 

hydrides is detrimental in SRF cavities since they are non-superconducting at 𝑇𝑐 > 1.3 𝐾 and are 

responsible of the hydrogen 𝑄-disease which refers to a large decrease in 𝑄 when hydrides form 

on the inner surface of the SRF cavity.266  
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7.1 Overview  

Superconducting Nb thin films have attracted a revival of attention due to their utility in quantum 

information technologies. During the processing of these thin films, fluoride-based chemical 

etchants are employed to eliminate surface oxides, which are known to affect superconducting 

quantum devices adversely. However, these etchants can introduce hydrogen, forming Nb hydrides 

and potentially impacting microwave loss performance. This study comprehensively characterizes 

Nb hydrides formed in Nb thin films as a function of fluoride chemical treatments, utilizing 

secondary-ion mass spectrometry, X-ray scattering, and transmission electron microscopy to 

reveal the spatial distribution and phase transformation. The rate of hydride formation depends on 

the fluoride solution acidity and the etch rate of Nb2O5, which acts as a diffusion barrier for 

hydrogen. The resulting Nb hydrides detrimentally affect superconducting properties, increasing 

power-independent microwave loss in coplanar waveguide resonators. Notably, Nb hydrides show 

no correlation with two-level system loss or device aging mechanisms. In summary, this research 

offers valuable insights into Nb hydride formation and its impact on microwave loss, guiding 

ongoing efforts to enhance coherence time in superconducting quantum devices. 

 

7.2 Background  

Given their high fidelity and scalability, superconducting qubits hold great promise for quantum 

information technologies.218, 267 Despite significant advancements in their performance over the 

past two decades, further improvement in coherence times is imperative for achieving scalable 

quantum computing.268-270 Fabrication processes, often decoherence sources, can introduce 
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impurities or defects in qubits, particularly influencing microwave loss mechanisms like two-level 

systems and excess unpaired quasiparticles.218, 231, 245  

Superconducting qubits are produced using clean room techniques borrowed from the 

complementary metal-oxide-semiconductor (CMOS) industry to leverage existing fabrication 

processes.271, 272 The extensive use of niobium (Nb) as the primary superconductor in these qubits 

is attributed to its compatibility with industrial-scale fabrication techniques and favorable 

superconducting properties, such as relatively high superconducting critical temperature (Tc ~ 9.2 

K) and a low number of equilibrium quasiparticles at 10-20 mK.273  

However, investigations into 2D resonators and 3D cavities have pinpointed the native Nb surface 

oxide as a detrimental source of microwave loss.274, 275 Commonly employed fabrication protocols 

for surface cleaning and oxide removal utilize wet chemical fluoride-based etchants, such as 

hydrofluoric acid (HF) and the associated buffered oxide etchant (BOE). These etchants are 

integrated into various steps of qubit fabrication, including substrate cleaning before metallization 

and Josephson junction (JJ) deposition. They are also applied just before cryogenic cooling in the 

case of resonator measurements.272, 276-278  

Notably, studies have demonstrated that using BOE to reduce amorphous surface oxides in Nb-

based devices enhances resonator performance.262 However, a potential concern arises as acidic 

solutions may introduce hydrogen into bulk Nb once the Nb2O5 top layer is removed.279 The 

formation of Nb hydrides is potentially concerning for superconducting qubits, as these hydrides 

have been identified as a critical factor in reducing the quality factor in 3D superconducting radio 

frequency (SRF) Nb cavities. Different processing treatments introduced Nb hydrides to the Nb 
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surface in this context.280-282 Recently, similar hydride features have also been identified in Nb 2D 

superconducting qubits, raising further concerns.283  

This chapter investigated the impact of fluoride-based chemical etching on forming Nb hydrides 

in Nb thin films at room temperature and their subsequent effects on Nb CPW resonator 

performance. Various etchants, including NH4F, BOE, and HF, with concentrations ranging from 

2% to 33%, were used to vary the hydrogen loading in b thin films. ToF-SIMS, XRD, TEM, and 

XRR are employed to track the incorporation of hydride species, identify crystallographic phases, 

and determine the etch rate of native Nb2O5. These experiments revealed an enhanced Nb hydride 

formation with the acidity of the etchant following a complete removal of Nb2O5. 

Regarding superconducting properties, the formation of Nb hydrides correlates with suppressed Tc 

and residual resistance ratio (RRR). Microwave characterization of CPW resonators reveals 

increased power-independent loss in the presence of Nb hydrides. Conversely, two-level system 

(TLS) losses in the CPW resonators are not markedly affected by the presence of hydrides. Instead, 

nominal changes in TLS loss are more likely associated with variations in Nb2O5 layer thickness 

due to roughening of the Nb surface, as measured by AFM. By providing insights into the effects 

of fluoride-based etchants on hydride incorporation and superconducting properties, this research 

will help guide ongoing efforts to enhance Nb superconducting quantum device performance. 

 

7.3 Formation of Nb Hydrides Resulting from Wet Chemical Processing  

To explore the incorporation of hydrogen into niobium from fluoride-based chemical etchants, 80 

nm thick Nb films were exposed to the following range of fluoride-based aqueous solutions listed 
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in order of increasing acidity: NH4F, BOE, and HF (2%, 5%, 8%, 33%). Following a 20-minute 

immersion in each solution, the samples were characterized after air exposure. Air exposure 

stopped further hydride formation by facilitating the formation of native oxide Nb2O5, which 

functions as a hydrogen barrier.279  

ToF-SIMS tracked the NbH- ions as a function of depth into the film, as shown in Figure 7.1 A. 

The untreated sample showed the NbH- ion signal peaking just below the Nb2O5, decreasing 

rapidly within the initial ~8 nm of the film (Figure 7.2). This observation is consistent with a 

report by Lee et al. 283, where the presence of hydrides in Nb thin films with no etching processes 

was observed. The NH4F-treated film exhibited characteristics almost identical to the control film. 

(Figures 7.1 and 7.2) In contrast, the BOE-treated sample showed a deeper NbH- signal. This trend 

of increasing depth persists as the etchant acidity increases. The hydride signal peaks and then 

rapidly decreases for the untreated control, NH4F, BOE, and 2% HF samples. Conversely, the 5% 

HF, 8% HF, and 33% HF samples displayed a hydride signal reaching a plateau, followed by a 

slower decay. The extension of these plateaus correlated with the introduced hydrogen content. 

Figure 7.1. Nb hydride formation and properties. (A) NbH- SIMS profiles, (B) XRD patterns, and (C) 

superconducting critical temperature measurements for a series of Nb thin films after 20 min fluoride-based 

etching treatments. The inset table in (C) shows the superconducting critical temperatures of the films. The 

line color legend in (A) also applies to (B) and (C). 
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The post-plateau intensity decline suggested excess hydrogen escape during the Cs+ etching, 

exposing bare Nb to vacuum after the native oxide removal.284 Furthermore, SIMS detected signals 

for other niobium hydride clusters, such as NbH2
-, NbH3

-, and H- ions, which all follow a similar 

trend as NbH- (Figure 7.2). The F- ion shows an increasing incorporation into the film but at a 

lower degree than the (Nb)H- species. 

The identical set of samples was analyzed with XRD and XRR to examine further the impact of 

hydrogen incorporation on the structure of Nb film (Figure 7.1 B and 7.3). XRD patterns exhibited 

Figure 7.2. SIMS profiles of Nb thin films after 20 min etch treatments for selected ions.  
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a discernable shift in the Bragg peak towards lower scattering vector q (q=4πsinθ/λ) with 

increasing aggressiveness of the etchant exposure, indicating a lattice expansion with the 

increment in the lattice spacing d (d=2π/qpeak). By tracking the change in d,  the expansion of the 

lattice parameter a was traced from Nb body-centered-cubic (BCC) metal to α-NbHx (BCC), a 

consequence of interstitially dissolved hydrogen in tetrahedral sites. As hydrogen content is 

increased, a phase transition to β-NbHx
 face-centered-orthorhombic (FCO) occurs due to the 

ordering of the H atoms on a subset of tetrahedral interstitial sites.285, 286 Figure 7.1 B depicts the 

regions of hydride phases, implying that hydrogen increasingly occupied tetrahedral sites in both 

BCC and FCO unit cells with increasing etchant acidity. Prior research found that the increase in 

lattice parameter in the Nb BCC structure as a function of hydrogen content was approximately 

0.0023 Å per at.% of hydrogen.287 

Table 7.1 detailed the volume fractions derived from the Bragg peaks for Nb (110), α-NbHx (110), 

and β-NbHx
 (020), alongside the at.% of hydrogen based on the lattice expansion of α-NbHx (110).7 

Figure 7.1 B  revealed nearly identical Bragg peaks for untreated and NH4F-treated films,  

suggesting minimal to non-hydrogen incorporation from the NH4F treatment. Conversely, the 

Table 7.1. Volume fractions for the Nb and NbHx phases of the etched Nb thin films. Fractions 

extracted from the integrated area of the Bragg peaks and using kinematical diffraction theory. The 

volume fraction was calculated by multiplying the area by Vuc/(LP*|FF|2), where Vuc is the volume of 

the unit cell, LP is the Lorentz polarization factor and FF is the atomic form factor.  
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BOE-treated sample showed a slight lattice expansion, while the 2% HF sample confirmed an 

intensified shift, indicating a significant presence of α-NbHx. Substantial compositional changes 

started with the 5% HF treatment, with a secondary Bragg peak corresponding to β-NbHx. This 

trend persisted with the 8% HF treatment. In the case of 33% HF, the XRD pattern revealed a 

complete conversion to β-NbHx.  

XRR revealed an increased NbHx concentration in films with more aggressive etchants, depicted 

in the inset in Figure 7.3. The decreasing critical angle corresponded to the electron density 

transitioning from Nb to NbHx. Additionally, XRR facilitated the extraction of thicknesses and 

interfacial roughnesses of the various layers in the film, including the surface oxide, bulk Nb, and 

Nb/Si substrate interface (Table 7.2). These values indicated a relatively constant thickness of Nb, 

except for a slight deviation at 8% HF and more abruptly at 33% HF. 

Critical temperature (Tc) was extracted from temperature-dependent resistivity measurements, as 

shown in Figure 7.1 C, to assess the impact of hydrides on superconducting properties. The Tc 

Figure 7.3. XRR of the etched Nb thin films. The inset shows the decrease of the critical angle from Nb 

to NbHx. Each profile has a constant offset.  
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trend aligns with the SIMS and XRD findings, where the control and NH4F samples exhibit almost 

identical behavior, followed by a gradual reduction in Tc as hydrogen incorporation increases. The 

depression in Tc within the α-NbHx phase is explained by an increase in resistance due to interstitial 

hydrogen and disruption of local superconductivity caused by ε-NbHx precipitates formed at low 

temperatures.288, 289  

A notable deviation is observed in the 8% HF-treated film compared to samples treated by less 

aggressive etchants. This deviation is characterized by a significant broadening in the 

superconducting transition (ΔT) and an increase in normalized resistivity ((T)/300K). This 

phenomenon is attributed to an inhomogeneous system comprising regions of the superconducting 

phase (α-NbH) and non-superconducting phase (ε-NbHx).
290 In the extreme limit of the 33% HF-

treated film, no superconducting transition is observed down to the measurement limit of 2.4 K. 

Table 7.2. Thicknesses extracted from XRR fittings of the etched Nb thin films. 

Table 7.3. Critical temperature, residual resistance ratio, and transition width of the etched Nb 

thin films. 
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This aligns with previous work indicating the absence of superconductivity for β-NbHx/ε-NbHx 

down to 1.3 K.289 Table 7.3 summarizes Tc, residual resistance ratio (RRR = R300K/R10K), and ΔT 

values. The depression of Tc and RRR, along with the broadening of ΔT, collectively serve as 

indicators of hydride formation, compromising the superconducting properties of the Nb thin 

films. 

 

7.3 Time Evolution of Nb Hydrides 

Nb films (~40 nm) were employed to investigate the time scales of hydrogen incorporation. 

Thinner samples were used to improve sensitivity to hydride concentration changes. Figure 7.4 

displays the XRD measurements for five different etchants at different exposure times (45 s, 3 

min, 20 min, 42 min, 2 h, and 13 h). Figure 7.5 summarizes the volume fraction evolution of the 

Fig. 7.4. X-ray diffraction of 40 nm Nb thin films treated with different etching times and 

etchants. The etchants include (A) NH4F, (B) BOE, (C) 2% HF, (D) 8% HF, and (E) 33% HF. 



149 

 

different phases (Nb (110), α-NbHx (110), and β-NbHx (020). The 33% HF condition fully 

converts the Nb film to β-NbHx after only 20 min. For the 8% HF condition, α-NbHx (110) 

evidence is observed after just 45 sec, a mix of hydride phases after 20 min, and a complete 

conversion to β-NbHx after 42 min. Less aggressive etchants show slower hydrogen incorporation 

and NbHx phase transformation. The 2% HF sample exhibits a noticeable peak shift after 3 min, 

BOE after 20 min, and NH4F only after significantly longer exposure (13 hr). In all cases, the 

formation of the β-NbHx phase forms after saturation of the α-NbHx phase. The reduction in β-

NbHx peak intensity for higher acidity etchants is attributed to Nb film etching and subsequent 

thickness reduction, 

The nanoscale distribution of NbHx phases in 40-nm-thick Nb thin films was examined using 

multimodal electron microscopy techniques (Figure 7.6). Analyzed samples include the untreated 

Figure 7.5. Nb hydride phase evolution during etching. Volume fractions of (A) Nb (110), (B) α-NbHx 

(110), and (C) β-NbHx (020) of the 40-nm-thick Nb thin films treated with different etchants and times as 

extracted from XRD data of Figure S5. The volume fractions were calculated from the integrated area of 

the Bragg peaks using kinematical diffraction theory. The diffraction planes for each phase are shown 

below their respective phase volume fraction plots.  
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Figure 7.6. Nanoscale distribution of NbHx phases. (A) Bright-field TEM image of NH4F-treated Nb 

thin film showing its columnar grain structure. (B) EELS of the untreated control and chemically-treated 

Nb thin films. (C) A spectrum image of the NH4F-treated Nb sample. The pixels within the blue and red 

boxes (20 × 35 nm2) are used to generate the average CBED patterns in (D) and (F), respectively. (D) 

CBED patterns of Nb [110] were obtained by experiment (left) and multislice simulation (right). (E) Line 

profiles of patterns in (D) show a lattice expansion in the experimental pattern. (F) CBED patterns of β-

NbH [010] were obtained by experiment (left) and multislice simulation (right). (G) Line profiles of 

patterns in (F).  
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control, BOE exposure for 42 min, 2% HF exposure for 20 min, and NH4F exposure for 13 hr, in 

order of hydrogen content based on XRD results (Figure 7.4). All Nb films have a columnar 

structure with grain sizes of 20-40 nm in width (Figure 7.4 A).  

In Figure 7.4 B, representative EELS spectra in the low-loss region reveal a shoulder at 5-8 eV 

(highlighted with a purple arrow), indicating metal-hydrogen bonding.291-294 Conversely, the 

control samples show a distinct Nb plasmon peak  ~10 eV.292 The other Nb plasmon peak in control 

at ~21 eV shifts to higher energies (23-25 eV) in processed samples, suggesting Nb-H bonding 

and confirming its presence in treated films.291, 292 

To investigate the nanoscale distribution of NbHx phases detected by the XRD, 4D-STEM is 

employed, acquiring two-dimensional electron diffraction patterns at each probe scanning 

position,295, 296, creating a spectrum image (Figure 7.6 C). This method provides structural 

information from a nanoscale volume, localizing phases embedded within the Nb matrix with sub-

angstrom resolution. Figures 7.6 D and F show integrated 4D-STEM data summed over two areas 

in the 13 hr NH4F-treated sample enclosed by the blue and red boxes in Figure 7.6 C, respectively. 

The line profiles in Figure 7.6 E comparing experimental and simulated Nb [110] patterns reveal 

a lattice expansion (~2.5 %), suggesting that the blue area is an expanded Nb phase (i.e., α-NbHx). 

On the other hand, the line profiles of the observed and simulated patterns for the red area in 

Figure 7.6 E match reasonably well, indicating β-NbHx (Figure 7.6 G).  

7.5 Role of Nb2O5 in the Formation of Nb Hydrides 

To understand the role of the primary Nb surface oxide, Nb2O5, in incorporating hydrogen into the 

Nb films, standalone 40-nm-thick Nb2O5 films were produced by PLD. As observed by XPS, 
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Nb2O5 is the predominant oxide for the Nb thin films. (Figure 7.7 A). The PLD deposition was 

optimized using XPS and XRR to track the film composition under different deposition conditions. 

XPS for the optimized film is shown in Figure 7.7 B. Then, the etch rate of the Nb2O5 was 

measured by XRR for the different etchants and times. XRR was used to determine the etch rate 

of Nb2O5 during progressively longer etching treatments. Figure 7.8 A reveals that the etch rate 

of Nb2O5 increases etchant acidity, strongly correlating with the rate of hydrogen incorporation 

into the Nb film.  

Further investigation involved a two-step sequential etch procedure on an Nb film: a short etch (2 

min) in 2% HF to remove the surface oxide and an immediate transfer to NH4F solution for 

extended treatment (42 min). XRD results (Figure 7.8 B) show that while a film treated only with 

NH4F for 42 min remains unchanged, a film first etched in 2% HF and then in NH4F for 42 min 

now exhibits a mix of α-NbHx and β-NbHx. Following a fast etch of Nb2O5 in 2% HF, the exposed 

Nb surface undergoes hydrogen incorporation upon exposure to NH4F. Compared to the 42-minute 

treatment using 2% HF only, where mainly β-NbH is observed, less hydrogen is captured in the 

Fig. 7.7. XPS of the A) Nb/Si(001) and B) Nb2O5/Si(001) thin films. Both films are 40 nm thick. 
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Nb for the NH4F case due to the lower concentration of H+ in the NH4F solution. These findings 

were supported by XRR (Figure 7.8 C), revealing a decrease in electron density associated with 

increased hydrogen for the sequentially etched sample and, more markedly, for the 42 min 2% HF 

sample. These results conclude that the rate at which an etchant can incorporate hydrogen into an 

Nb film is determined by the rate of Nb2O5 removal and the available hydrogen concentration in 

the etching solution.  

 

7.6 Loss Mechanisms Associated with Nb Hydrides 

To asses the impact of Nb hydrides on superconducting devices, λ/4 CPW Nb resonators were 

fabricated, and microwave measurements were conducted after treating the resonators with the 

same etching conditions as the Nb films. CPW measurements can effectively explore defects 

associated with losses.231 Power-dependent measurements of the internal quality factor (Qi) were 

performed, and power-independent (PI) and two-level system (TLS) loss tangents were 

extracted,231 (Figure 7.9). Resonators under different etching conditions exhibited varying degrees 

Figure 7.8. Nb2O5 etching and proposed sequential etching procedure. (A) XRR-determined etching 

rate of Nb2O5 thin films for different etchants. (B) XRD and (C) XRR of sequentially etched (2 min 2% 

HF and 42 min NH4F) Nb thin films. 
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of PI losses, indicating a clear trend corresponding to increasing hydride concentration. (Figure 

7.9 A) Control, NH4F, and BOE resonators showed similar low PI losses, consistent with low 

hydrogen loading. However, from the 2% HF condition onwards, there was a noticeable increase 

in PI loss, peaking at 8% HF, where the loss tangent exceeded four times that of the control. 33% 

HF-treated resonators did not yield measurable signals, suggesting non-superconductivity or 

extremely low internal quality factors.  

The increased PI loss, coupled with the Tc depressions discussed in Section 7.3, implies increased 

quasiparticle generation due to higher hydrogen loading. Potential mechanisms could explain this 

increased quasiparticle generation. Potential mechanisms include hydrides acting as magnetic 

scattering impurities, though the magnetism in NbHx phases remains uncertain. The increased 

Figure 7.9. CPW Nb resonator results. (A) Power-independent (PI) and (B) two-level systems (TLS) 

losses of Nb CPW resonators after 20 min treatments in the indicated etchants. Losses were extracted from 

the nonlinear least square fit to the TLS power-dependent model. The blue boxes contain the 25th and 75th 

percentiles, the red horizontal lines indicate the median values, the red triangles show the 95% confidence 

intervals about the median, the red plus signs are outliers, and the black horizontal lines are the minimum 

and maximum values excluding outliers. (C) Change in PI and TLS losses after two months of aging in air. 
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quasiparticle and reduced Tc align with recent theoretical findings by Sauls and collaborators.297 

Their study indicates that due to the anisotropic superfluid gap of Nb, impurities (e.g., NbHx 

precipitates) can still act as pair-breakers even when non-magnetic. Lastly, another theoretical 

result by Sauls and collaborators shows that TLSs embedded in bulk superconductors can generate 

dissipative quasiparticles at GHz frequencies.298   

In contrast, the impact of Nb hydrides on TLS losses is less pronounced (Figure 7.9 B). Control, 

NH4F, 2% HF, and 5% HF samples exhibit similar levels of TLS loss.  BOE treatment slightly 

decreases TLS losses, likely due to the reduced Nb surface oxide thickness with minimal hydride 

introduction. The 8% HF condition shows increased TLS associated with a rise in the surface 

roughness and surface oxide thickness.  

AFM was used to analyze the surface of the Nb and Si areas on the fabricated resonator chips after 

each treatment protocol. (Figure 7.10). While a slight smoothening effect on Si surfaces was 

observed with increasing etchant acidity, the overall change in the RMS is minimal. In contrast, 

the Nb surface exhibited substantial roughening with increasing etchant acidity, leading to thicker 

Fig. 7.10.  AFM-determined RMS roughness of the Nb and Si surfaces in the Nb resonators after 

20 min wet etch treatments. 
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Nb2O5, which is expected to increase TLS losses. Previously, a decrease in Nb2O5 thickness has 

been linked to an overall improvement in resonator loss.262 However, in that study, both Nb2O5 

and SiO2 were found to host TLS losses. SiO2 in the samples is expected to be uniform across the 

different resonators due to the similarity in Si surface roughness and since the samples were 

exposed to air for the same time before microwave measurements.  

A second series of resonator measurements investigated aging effects linked to hydrogen loading. 

The identical resonators (Figure 7.9 A and B) were aged over two months in ambient laboratory 

conditions, and microwave characterization was repeated. Figure 7.9 C shows the difference (Δ) 

between PI and TLS losses before and after aging. PI losses showed minimal change after aging,  

consistent with unaltered hydrogen loading since Nb2O5 prevents hydrogen intake or escape.279 

For TLS losses, a uniform increase was observed across all resonators and treatment conditions 

following aging, suggesting increased TLS loss sources due to oxide thickening274 and additional 

contamination during storage.299 Previous reports have also observed increased TLS losses after 

long exposure of Nb to air,274 It should be noted that earlier studies on Nb cavities and 2D Nb 

qubits have shown that hydride precipitates disorder the Nb surface,281, 283 which has led to 

hydrides being hypothesized to be sources for both TLS and PI losses in addition to contributing 

to aging mechanisms.283 However, our results suggest that while Nb hydride correlates with 

increased PI losses, it does not significantly contribute to TLS losses or aging. 

 

7.6 Summary 

This study investigated the formation of Nb hydrides in thin films induced by fluorine-based 

etchant, namely NH4F, BOE, and HF (2%, 5%, 8%, and 33%). As the etchant acidity increased, 
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SIMS revealed a proportional rise in hydride concentration. Concurrently, X-ray and electron 

diffraction showcased phase transitions from Nb metal to α-NbHx and eventually to β-NbHx under 

more aggressive etching conditions. The time evolution of Nb hydrides for different etchants was 

presented. Examining Nb CPW resonators with varying hydrogen loading, PI loss tangents 

exhibited a clear correlation with hydride concentration. In contrast, TLS loss tangents remained 

largely unaffected despite roughening of the Nb surface induced by aggressive etching, leading to 

increased Nb2O5 and associated TLS losses. Aged resonators in the air indicated stable PI loss, 

linked to a constant hydride concentration, and a uniform increase in TLS across all hydrogen 

loading conditions due to additional oxide growth and contamination during storage.  

The investigation of Nb2O5 films revealed a direct correlation between the rate of hydride 

formation and the Nb2O5 etch rate for a given etching solution. Combining this insight with the 

results on sequential etching with 2% HF and NH4F, two main factors were identified to influence 

the hydrogen incorporation into Nb films: (1) Removal of the Nb2O5 surface oxide, a hydrogen 

diffusion barrier; (2) Hydrogen concentration in the etching solution exposed to the oxide-free Nb 

surface. Therefore, effective cleaning and etching strategies should consider these factors to 

minimize detrimental hydride formation in superconducting devices. This comprehensive 

exploration of Nb hydride formation and its association with loss mechanisms enhances the 

understanding of the interplay between materials processing and superconducting device 

performance, thus guiding the development of fabrication procedures in quantum information 

technologies. 
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7.7 Experimental Methods 

7.7.1 Sample Preparation 

For structural and chemical characterization, as well as cryogenic microwave measurements, 80 

nm thick Nb films were deposited on double-side polished intrinsic 3-inch Si (001) wafers 

(WaferPro 380 m, >10 M) using DC sputtering. The wafers underwent standard RCA1/RCA2 

cleaning and BOE (6:1) etching for 2 min. The Nb deposition took place in a Multi Tool Deposition 

System (PVD Products) chamber with specific conditions, including an initial base pressure 

<1×10−8 Torr and a deposition condition of 3 mTorr of Ar and 300 W from a 2-inch diameter Nb 

target (JX Nippon, 5N). 

For interfacial and bulk studies, 40 nm thick Nb films were deposited HiPIMS on intrinsic 6-inch 

Si (001) wafers. The wafers underwent standard RCA1/RCA2 cleaning and BOE (5:1) etching for 

30 sec.  The Nb deposition occurred in a system with a base pressure 2x10-9 Torr, utilizing a 5N 

Nb target (JX Nippon, 5N). The substrate received a bakeout at 150 °C in the loadlock before 

transfer into the main deposition chamber.  

Amorphous Nb2O5 thin films were on one-side polished intrinsic Si (001) wafer by PLD in a PVD 

Products PLD/MBE 2300 equipped with a 248 nm KrF excimer laser. The PLD process was 

conducted at room temperature in a 10 mTorr O2 atmosphere with a pulse frequency of 10 Hz. The 

40-nm-thick films were produced form a Nb2O5 target, and the laser was focused on a 2 × 4 mm2 

spot size with an energy of 160 mJ/pulse.  

Etching treatments were carried out using different HF (KMG Electronic Chemicals, 49% 

aqueous) and NH4F (KMG Chemicals, 40% Aqueous) solutions: NH4F, BOE (5:1), 2% HF, 5% 
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HF, 8% HF, and 33% HF in descending pH order. The 80-nm-thick Nb films were etched for 20 

min under the different etchants. The 40-nm-thick Nb and 40-nm-thick-Nb2O5 films were 

subjected to varied etching times and specific etchants. All samples, including the Nb resonators, 

were etched at room temperature on an orbital shaker rotating at 60 rpm to ensure uniform etching. 

All thin film samples were approximately 10 × 10 mm2 in area.  

7.7.2 X-ray Diffraction and X-ray Reflectivity 

XRR and XRD were conducted using a Smartlab Gen 2 diffractometer with a 9 kW Cu rotating 

anode and a Ge (220) 2-bounce monochromator (λ = 1.5406 Å). The Motofit software aided in 

fitting XRR data with a multiple-slab model. All the XRR and XRD data were normalized with 

the straight-to-beam intensity. Quantification and identification of the crystallographic phases (Nb, 

α-NbHx, and β-NbHx) were determined by Gaussian fittings in the three 2θ regions of interest. The 

phase volume was calculated considering kinematical theory, integrating the areas from the 

Gaussian fits and considering each phase’s differential cross-section, including the unit cell 

structure, unit cell volume, and polarization factor.7 Specifically, the Bragg peak area was 

multiplied by Vuc/(LP*|FF|2), where Vuc is the volume of the unit cell, LP is the Lorentz 

polarization factor, and FF is the atomic form factor. 

7.7.3 Transmission Electron Microscopy 

For the TEM analysis, lamella cross-sections were prepared using a dual-beam FIB FEI-SEM 

Helios Nanolab. The lift-off involved 30 kV Ga+ ions, followed by a final cleaning step at 2 kV to 

eliminate surface damage on the area of interest, resulting in a sample thickness of 50-100 nm. 

TEM and STEM data were collected on a probe-corrected JEOL ARM200 S/TEM at 200 kV. A 

convergent angle of  25 mrad was employed for ADF-STEM imaging.  
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EELS spectra were obtained at 200 kV using a Gatan GIF Quantum on a K2 pixelated detector. 

Data processing steps, including background subtraction, plural scattering removal, and signal 

mapping, were carried out using Gatan GMS software. 4D-STEM data were collected using a 

OneView camera with a 512 × 512 or 256 × 256 pixels software bin size. Convergent angles of 3-

5 mrad and a camera length of 20 cm were applied, with a 5-10 Å step size. Virtual-detector images 

for NbH phase mapping were generated through the Gatan GMS 4D-STEM package and the open-

source py4dstem package. 4D-STEM patterns were simulated using the abTEM package with 

input parameters from the experimental conditions. 

7.7.4 Atomic Force Microscopy 

An Asylum Cypher atomic force microscope, equipped with a Si cantilever having a resonant 

frequency ranging between 320-340 kHz, was employed in tapping mode. High-resolution 

imaging was achieved with a pixel resolution of 512 × 512 pixels and a scanning rate of 1 Hz. 

7.7.5 X-ray Photoelectron Spectroscopy 

XPS spectra were obtained using a Thermo Scientific ESCALAB 250Xi XPS spectrometer with a 

monochromated Al Kα X-ray source with an energy of 1486.6 eV. The measurement spot size was 

~500 μm, and charge compensation was achieved using a flood gun. Avantage software (Thermo 

Scientific) facilitated the analysis.  Core levels were fitted using a modified Shirley background 

and a Gaussian-Lorentzian product (70% Gaussian and 30% Lorentzian). Peak positions were 

charged-corrected to adventitious carbon (C 1s) at 284.8 eV. 

7.7.6 Time-of-flight Secondary-ion Mass Spectrometry 

An IONTOF M6 dual-beam system (IONTOF GmbH) was used to analyze the concentrations and 

depth distribution of the Nb thin films. Bi+ ions at 30 keV were employed for negative polarity 
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measurements on a 25× 25 µm2 area, while Cs+ ions with an energy of 500 eV facilitated sputtering 

a 150 × 150 µm2 area for depth profiling. The resulting data were processed using SurfaceLab7 

software.  

7.7.7 Electrical Resistivity at Low Temperatures 

Electrical transport measurements were conducted using a Quantum Design PPMS (Dynacool) in 

a four-probe geometry. Chip carriers were utilized, and devices were wire-bonded to them using a  

homebuilt In-Au bonder. Tc was determined by the intersection of linear fits on either side of the 

sharp transition. RRR was calculated from the ratio of the resistances at 300 K and 10 K. ΔT was 

derived from the temperature interval between points corresponding to 10% and 90% of the 

resistance during the superconducting phase transition. 

7.7.8 Niobium Resonator Fabrication 

80-nm-thick Nb films underwent CPW resonator pattering through standard photolithography and 

dry etching. The fabrication involved solvent cleaning of the Nb-coated wafer, spin coating with 

P20 primer and SPR660 photoresist, and subsequent patterning using direct laser writing. After 

development and cleaning, the wafer was etched in an inductively coupled plasma (ICO) tool with 

SF6 and monitored optically for etching through Nb and approximately 100 nm into the Si 

substrate.  An established CPW resonator design that consisted of eight frequency-multiplexed, 

inductively-coupled, quarter-wave resonators in hanger mode off a central feedline was utilized.300 

The CPW conductor/gap dimensions were 6 µm/3 µm, so the resonance frequencies fell between 

4-8 GHz. The photoresist was removed using an NMP-based remover held at 80 °C with 

ultrasonication followed by rinsing in isopropanol. The Nb resonators were treated for 20 min in 

different solutions before measurements.  
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7.7.9 Resonator Microwave Measurements 

Microwave transmission measurements were conducted on CPW hanger resonators using a vector 

network analyzer over several decades of input power. The resonators were enclosed in gold-

plated, oxygen-free copper sample boxes with pogo pins for stabilization and grounding. Initial 

measurements occurred in a cryogen-free dilution refrigerator at a base temperature of 13 mK. The 

resonators were measured again in a second cooldown after two months of exposure to air. The 

transmission data were fitted using the diameter correction method (DCM)301, incorporating a 

circle fit normalization routine to address asymmetric resonances.302 This approach facilitated the 

extraction of internal quality factors as a function of input power. The subsequent fit of inverse 

quality factors versus the estimated number of photons303 in each resonator to a TLS model 

provided the power-independent and TLS losses.304 The entire measurement process, including 

data analysis, is available on GitHub: https://github.com/Boulder-Cryogenic-Quantum-

Testbed/scresonators 
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CHAPTER 8:  

FUTURE WORK 

 

8.1 Overview 

This chapter presents an overview of the future work centered around superconducting qubits. 

Proposed future efforts originate from results and protocols developed during the latter half of the 

Ph.D. The short-term aim is to finalize these open-ended projects. 

 

8.2 Epitaxial Encapsulation of Nb by PLD  

Niobium thin films, commonly used in superconducting qubits, are prone to rapid oxidation, 

forming amorphous Nb2O5 and other NbxOy-complexes within seconds when exposed to air or low 

vacuum conditions.305 The presence of these oxides at the metal-air interface adversely affects 

qubit coherence times. Various strategies have been proposed to address this issue to mitigate 

losses associated with amorphous oxides, with HF-based etching and UHV annealing proving 

effective in enhancing coherence in 2D and 3D quantum devices. 262, 275  

This study employs titanium nitride (TiN) superconducting films to cap Nb thin films. TiN is an 

ideal capping candidate due to its superconducting properties, stability against oxidation, and 

resilience against HF-based chemistries.306 The capping process utilizes epitaxial Nb thin films on 

Al2O3 (110) substrates. Oxides are removed through annealing in a vacuum within the PLD 
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system, and the TiN layer is deposited at the same temperature to prevent Nb oxide formation. 

This process exposes a NbO (111) surface,307 facilitating the epitaxial growth of TiN (111). 

Additional materials like Pt (111) and Au (111) can be deposited on TiN to minimize post-

oxidation risk. The resulting capped films effectively suppress the formation of Nb2O5/NbO2 when 

exposed to air, and CPW resonators and superconducting qubits are fabricated to establish a 

connection between material properties and device performance.  

 

8.3 Annealing of Nb Thin Films in UHV 

Superconducting metallic thin films, including Nb, are crucial in 2D  superconducting qubit 

fabrication, with film crystalline quality potentially affecting coherence. Conventional deposition 

methods result in textured Nb (110) thin films. While these textured Nb (110) thin films are 

suitable for superconducting transmons, they are limited in coherence times due to material 

defects. Crystal quality improvement via annealing is a possible pathway to increase coherence. 

This study focuses on UHV annealed Nb thin films deposited by DC Sputtering at base pressures 

of ~10-10 Torr and temperatures up to 1000°C. Specular and off-specular X-ray scattering 

measurements suggest improvements in crystal quality, epitaxy, and roughness following UHV 

annealing. The impact of these Nb thin films on superconducting properties is investigated using 

cryogenic charge transport measurements at different crystallographic orientations and conditions.  

 



165 

 

8.4 Nb/Si Interfacial Studies 

The Nb/Si interface undergoes intermixing and growth during different annealing procedures.  

Intermixing starts at only 300°C after one hour of annealing in a vacuum, 308 requiring low O2 

pressure to circumvent NbxOy formation, requiring low O2 pressure to avoid oxidation. Annealing 

in a UHV chamber at 10^(-10) Torr is employed to diminish oxidation. However, this leads to 

Nb/Si interface interdiffusion processes. 

In this study, different annealing time conditions modify the Nb/Si interface, and the effect on 

structure and superconducting properties in Nb is evaluated. XRR was used to elucidate such 

interface's thickness and electron density evolution. Annealing of Nb thin films on α-Al2O3  (006) 

is performed to exclude the Nb/Si intermixing effect. The study concludes with an evaluation of 

CPW resonators.   

 

8.5 Epitaxial NbO2 Thin Films Deposited by PLD 

PLD is utilized to optimize the deposition of epitaxial NbO2 films on various Al2O3 substrate 

orientations. Precise control over target composition and O2 background pressure allows for the 

growth of oxide films with specific properties.309 NbO2 is a stable oxide formed when Nb is 

exposed to air. Its crystalline form has a semiconductor n-type behavior with a small bandgap (0.5-

1.2 eV). 310 These films will be used as model systems to understand the Nb/air interface 

mechanisms and propose strategies to passivate Nb, for instance, by selenizing a high crystalline 

NbO2 film. Additionally, NbO2 is the most investigated material for neuromorphic computing,311 

presenting a metal-to-insulator transition at 1070 K.312 
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In this study, high-quality NbO2 thin films with different crystal orientations are obtained for 

various substrate orientations and deposition parameters. The highest quality epitaxial film was 

obtained for NbO2 (222) deposited on Al2O3 (012) at 650°C and 1 mTorr of O2. The study 

systematically optimizes the crystal growth of these films, showing higher quality than those 

reported in the literature, mostly grown on Al2O3 (006).313, 314  
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CHAPTER 9:  

CONCLUSIONS 

 

The dissertation is focused on the interfacial engineering of materials with applications in LIBs 

and superconducting qubits. The study encompasses various thin film systems, including epitaxial 

LiMn2O4 cathode cycled in different liquid electrolytes and an ionogel, epitaxial Pt thin films 

serving as current collector templates, and Nb hydrides generated through wet chemical etching. 

Valuable insights into engineering strategies examining the role of interfaces in diverse 

phenomena such as Mn2+ dissolution in different electrolytes, growth optimization of ultra-smooth 

Pt surfaces, and losses associated with Nb hydrides are described in detail.  

In Chapter 1, the significance of interfaces in energy storage and quantum information devices is 

briefly discussed. Chapter 2 provides an overview of the synthesis and characterization techniques 

used in the projects, focusing on X-ray diffraction and reflectivity. Chapter 3 introduces Li-ion 

batteries, emphasizing components like LiMn2O4 cathode, ionic liquid electrolytes, and current 

collectors.  

Chapter 4 presents the first research project, exploring epitaxial LiMn2O4 thin films cycled in a 

conventional electrolyte (LiPF6+EC/DMC) and an ionic liquid electrolyte (LiTFSI+EMIM-TFSI). 

The ionic liquid proved effective in suppressing Mn dissolution, the root cause of capacity fade, 

leading to improved electrochemical and structural stability. X-ray techniques were instrumental 

in monitoring structural and interfacial changes during operation. Extensive ex situ 

characterization was employed to corroborate the suppression of Mn dissolution via ICP-MS and 
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STEM and to observe the formation of the irreversible Li2Mn2O4 phase. Minimal amounts of 

overlithiated phase were found in the film cycled in ionic liquid. In contrast, severe Mn dissolution 

and overlithiated phase were found in the conventional electrolyte, proving the importance of 

electrolyte selection and compatibility with the cathode.  

Additionally to studying the LiMn2O4/liquid interface, an ionogel composed of the same ionic 

liquid and h-BN nanoplatelets was employed to investigate the interfacial and structural evolution 

of the LMO cathode. Similar to the ionic liquid case, the Mn dissolution was prevented. However, 

an irreversible Li2Mn2O4 phase was observed after cycling, a similar result when using a 

conventional electrolyte. This result suggested an inadequate physical contact between the gel and 

the surface of the LiMn2O4. The repercussion is the formation of voids where high Li+ current 

densities are concentrated, facilitating the localized generation of Li2Mn2O4.  

Chapter 5 details another LIB project in which the Pt thin film growth was optimized for use as 

current collectors in LIB applications. A two-step temperature process (500/300°C) in an Ar+O2 

atmosphere emerged as the optimal condition, showcasing improved film crystallinity without 3D 

island growth. The optimized process yielded ultra-smooth films (<2 Å), exhibiting high 

conductivity (~7 × 106 S/m) and a high degree of epitaxy, serving as excellent templates for 

subsequent epitaxial growth. LiMn2O4 was epitaxially grown on the Pt thin film and cycled in an 

ionogel electrolyte.  

Chapter 6 shifts focus to superconducting qubits, explaining quantum computing and coherence-

limiting loss mechanisms. The different possible sources, including the substrates, tunnel 

junctions, metallic films, and surface treatments, are presented. Chapter 7 presents the Nb hydride 

research project, investigating fluorine-based etching in superconducting qubits. This study 
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identified that hydrogen incorporation happens after removing the native oxide surface and that 

the amount of hydrogen incorporated is proportional to the solution's acidity. Based on the Nb 

CPW resonator measurements, it was established that the PI loss tangents exhibit a clear 

correlation with the hydrogen loading, while TLS loss tangents do not. The aging of the resonators 

shows a stable PI loss tangent and an overall increase in the TLS  due to additional oxide growth 

and contamination during storage.  

Chapter 8 concludes the dissertation by highlighting ongoing projects in interfacial engineering 

for superconducting qubits. Interfaces like Nb/air and Nb/substrate are studied to understand and 

mitigate loss mechanisms. 

The findings presented in this thesis contribute valuable knowledge to interfacial engineering, 

offering practical insights for understanding complex mechanisms in LIBs and superconducting 

qubits. 
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