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Devaraj, A. & Meng, Y.S.  Direct observation of Li during first cycle lithiation of 

silicon anodes. The dissertation author was the primary investigator and author of 

this paper. 
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Chapter 7, in full, is a reprint of the material Wang, S., Sina, M., Parikh, P., 

Uekert, T., Shahbazian, B., Devaraj, A. & Meng, Y. S. Role of 4- tert -Butylpyridine 

as a Hole Transport Layer Morphological Controller in Perovskite Solar Cells. Nano 

Letters 16, 5594–5600 (2016). The dissertation author was the co-author of this 

paper. APT measurements and sample preparation were performed by the 

dissertation author.  
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Life on earth exists due to a delicate balance with nature, one that has been 

skewed in our favor since the industrial revolution. The growing population 

demands energy for homes, offices, portable devices and transportation. However, 
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our reliance on natural gas/coal and petroleum to fulfill these requirements have 

led to an unprecedented increase in atmospheric CO2 levels that threaten our own 

existence. A paradigm shift in how we generate, store and monitor energy is 

needed, with green energy and sustainability paving a way forward. The advent of 

photovoltaics and Li-ion battery have given us the necessary tools to bring about 

this change, but continued research relies on a deeper understanding of the 

mechanisms involved and materials developed for each technology. As the 

materials chemistry, size of particles and nature of the interfaces become more 

complex, the need for nanoscale analysis has never been more aptly described. 

3D tomographic measurements can provide a clear picture of the materials 

composition and interface properties, with atom probe tomography (APT) allowing 

a nanoscale chemical and spatial analysis. Herein, we use APT to enhance our 

understanding of the device mechanisms and core material properties for 

photovoltaics, Li-ion batteries and state-of-the-art semiconductor fins. Our 

understanding can help to build better structure-property relations by tying in 

nanoscale analysis with bulk properties that will ultimately lead to better design 

and development of energy devices across a broad range of technologies.  
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Chapter 1 : Introduction and Thesis Outline 

Since the industrial revolution, advances in science and technology have 

helped to slowly overcome challenges related to health, diseases, food shortage, 

hunger, sanitation and clean drinking water as well as infrastructure and education. 

These advances have improved our standard of living thus increasing the average 

lifespan. However, to satisfy the demands of the growing population, our reliance 

on plastic, microplastic products and fossil fuel-based energy have led to a 

multitude of environmental effects. These range from mass extinction of marine 

and terrestrial species due to plastic waste that ends up in the ocean, global 

warming from greenhouse gas emissions (primarily from CO2 released by burning 

coal and natural gas) and increase in respiratory diseases due to pollutants 

released in the atmosphere from vehicular transport and industrial plants.  

In order to provide a safe, sustainable environment to future generations, 

one of the major challenges continues to be availability and development of 

carbon-free or zero emissions energy. Overcoming this challenge will not only 

enable a sustainable future but it also creates a ripple effect that aids other 

challenges we currently face. It can provide clean energy for growth of lab scale 

plants to feed a larger population, provide energy for clean drinking water through 

de-salination plants and lead to independent sustainable communities. In this 

respect green energy, through the use of perennial renewable energy sources and 

energy storage devices (which can be recycled) can help to alleviate the stresses 
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we put on this planet. This can possibly curb atmospheric greenhouse gas levels 

and reverse current global warming trends. 

Within the green energy space, there are three important aspects that are 

needed for a comprehensive approach; [a] Energy generation solutions [b] Energy 

storage solution and [c] Automation solutions to interface between generation and 

storage. Over the past few decades, continuous R&D efforts have enabled growth 

in each of these aspects. For instance, development of tandem solar cells, high 

gravimetric energy density (300-400 Wh/kg) for Li-ion batteries, development of 

perovskite solar cells and the recent success of electric cars are just some recent 

examples of this growth. Driven by the recent cost benefits (in ₵/kWh) over 

conventional coal/gas-based utility scale plants, the path towards green energy 

seems to be an inevitable one. However, the future will require continuous 

research, development and more importantly better and faster integration of all 3 

aspects. 

Over the past few decades, nanoscience and nanotechnology have helped 

to solve challenges that previously would not have been possible. For instance, 

nanoscience has enabled the development of high energy and power density 

cathodes1,2 and anodes3,4 for Li-ion batteries by understanding the surface 

degradation mechanism and mitigating it using nanoscale protective surface 

coatings5.  Moreover, the understanding of the size dependent electrochemical 

performance and lithiation of alloy anodes6 would not have been possible without 

advances in nanoscale imaging. The development of nanometer sized transistors 
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(finFETs) that can pack enough computing powers for battery management system 

essential for electric cars, as well as monitoring systems for utility scale solar plants 

would not have occurred without the advances in nanotechnology. But the most 

important advancement has been towards materials science and specifically 

instrumentation. This has led to a profound understanding of how materials 

respond under electrochemical, mechanical and chemical stresses which can be 

used to develop better devices and technology.  

Hence my thesis work at UC, San Diego has explored the close connection 

between nanoscience and energy (batteries, solar cells and nanoelectronic 

devices), through the use of atom probe tomography (APT). APT can enable 3-D 

visualization of the chemical composition of various elements at the nanoscale. 

Such an analysis has helped us to better understand [1] limitations of the 

stoichiometry obtained from APT for different material systems and [2] applications 

of APT for current material challenges. Through the course of the work carried out 

in this thesis we have now started to create structure-property relations by 

combining atomistic investigation at the nanoscale with device property at the 

macro-scale to better understand energy devices.  

Chapter 1 as mentioned above gives a brief introduction as to how energy 

is an important global challenge and how nanoscience can help solve some key 

issues. Chapter 2 introduces the 3 aspects of energy (generation, storage and 

automation) in greater detail with a specific focus on working mechanism, materials 

and devices used specifically for each case. Chapter 3 introduces the details of 
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the technique used, atom probe tomography with description for sample 

preparation, working mechanism, and reconstruction details. Chapter 4 discusses 

APT and TEM analysis of finFET for 14 nm commercial devices for both PMOS 

and NMOS devices. A comparison between the thickness measurement of the 

different fin and dielectric layers between the 2 different techniques is provided to 

ensure better reliability in APT results. Chapter 5 discusses the fundamental 

investigation of the laser energy parameter on the cathode pristine particles for 

NCA. A comparison with NMC811 is also carried out. Chapter 6 relates to the 

applications of APT towards silicon anodes in order to study lithiation mechanisms 

involved. Chapter 7 discusses applications of APT towards perovskite solar cells 

and understanding degradation mechanism that originate in the hole transport 

layer. Chapter 8 summarizes the overall work and provides ideas and avenues for 

future research.  
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Chapter 2 : Different aspects of Green Energy  

Green energy encompasses a very diverse set of technologies that require 

concerted efforts from experts in different fields. The current issues are 

multifaceted, ranging from individual device performance, materials challenges 

and device integration to global and local policy7. However, research efforts are 

continuously needed to improve on and develop breakthrough technologies. To 

achieve this, a fundamental understanding of the underlying working mechanism, 

both at the materials and device level is necessary. Moreover, understanding of 

the current state-of-the-art for different device types and methodologies developed 

is also essential. Each technology will have significant advantages and 

disadvantages over the other, which can help to pick the right one for the required 

application. Such an exhaustive picture can then help to identify challenges for 

each technology and application and enable efforts that can be taken to overcome 

them. 

2.1 Energy generation through renewables 

Renewable energy sources can help power the world by leaving a minimal 

carbon footprint during the generation process, unlike burning coal and natural 

gas. While different sources exist such as wind, geothermal, tidal, hydroelectric 

and biomass, solar energy is the only one, that as a single source, can meet the 

word energy needs and continue to do even with any increased projections for 

future needs8 (Figure 2.1). Moreover, it provides a perennial source with the ability 

to be integrated both on the utility scale and at the residential level. Current solar 
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technology provides ~25% conversion efficiency9, leaving out 75% of the energy 

untapped. With a theoretical limit of 30% for single junction devices10, which is very 

close to currently obtained efficiencies, the attention is geared more towards 

reducing the cost, such that solar energy can compete with traditional coal/gas-

based plants. Novel low-cost technologies are hence required to enable a 

complete replacement of fossil fuels. 

 

Figure 2.1: Energy reserves for renewable sources as compared to conventional 
sources and nuclear fuel8.  

Solar thermal systems and photovoltaic systems both convert sunlight into 

useable energy. Solar thermal works by using concentrated mirrors that convert 

the heat from sunlight into energy by heating a fluid that can in turn then run a 

turbine/generator. Due to the presence of a fluid reservoir, energy storage and 
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energy generation both happen together11. On the other end, photovoltaics convert 

photons from the visible spectrum of light into electron-hole pairs using doped 

semiconductor films, that are fabricated to form a p-n junction. In this case, energy 

storage occurs separately. Although solar thermal has an efficiency of ~ 70%, it 

requires larger land area use and higher costs compared to photovoltaics. Also, 

turbines parts can lead to wear and tear, that require continuous maintenance. On 

the other-hand photovoltaic plants are easier to build. Hence my work in this aspect 

has focused on photovoltaics.   

2.1.1 Photovoltaic devices 

Photovoltaic devices have traditionally used silicon as the active material 

for photon to electron conversion. As shown in Figure 2.2, when photon energy in 

excess of the bandgap of the material hits the p-n junction, electron hole pairs are 

formed. The electrons are swept across the depletion region into the n doped 

region where they travel through the current collector to the external circuit. 

Similarly, the holes move across the p doped region as the majority carried and 

complete the external circuit through contacts to provide a current12.  
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Figure 2.2: Basic working mechanism of a solar cell based on a p-n junction with 
pathways for recombination shown13. 

With over 3 decades of research, silicon-based photovoltaics have reached 

>25% power conversion efficiency in single junction devices. This was achieved 

with improvements in the current collector geometry through interdigitated 

electrodes and increase in silicon optical path lengths through surface texturing14. 

Recently though limited by the high costs involved with preparing high quality 

single crystalline wafers for silicon solar panels coupled with the high demand of 

pane;s, which could no longer be supplied by feedstock from the semiconductor 

industry15, thin film solar panels (amorphous Si (a-Si), CIGS – Cadmium indium 

gallium selenide and CdTe- cadmium telluride) have come into prominence. They 

provide lower costs coming from simple roll to roll processing on flexible plastic/foil 

sheets. Moreover, both CIGS and CdTe have high absorption coefficients and 

bandgap ~1.45 eV, which is closer to the ideal of ~1.5 eV, as compared to silicon 
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at ~1.1 eV. However, the materials availability especially for In for large scale 

operations have created roadblocks for further commercialization. Cd is also toxic 

in itself but not CdTe, creating recyclability issues, especially in developing 

countries if any Cd is leaked into the environment15.  

Moreover, investments in high epitaxy techniques such as MBE (molecular 

beam epitaxy) to grow multijunction devices that can be tailored to absorb the solar 

spectrum in a wider electromagnetic spectrum window can provide over ~40% 

power conversion efficiency but are expensive for residential and commercial use. 

Hence new materials are required that can allow low cost and high power 

conversion efficiencies. 

The power conversion efficiency of a solar cell  is given by the open circuit 

voltage Voc, the short circuit current Isc, the fill factor FF and the input power Pin 

from the solar spectrum as: 

 ௢௖ ௦௖

௜௡
 

Where the fill factor is given by the ratio of the maximum power obtained to the 

ideal power obtained as a product of Voc and Isc.  

2.2.2 Perovskite Solar Cell 

Perovskites made of a hybrid organic-inorganic material, have over the past 

decade created a feverish interest in photovoltaics, with attractive optoelectronic 

properties. Developed from dye sensitized solar cells (which used a thin layer of 

dye as the absorber) by Miyasaka group16, perovskites provide advantages of low 
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cost, low-temperature solution processing, high defect tolerance, direct bandgap, 

long carrier diffusion lengths, ambipolar transport and high absorption coefficients 

in the visible region17–19. Within a span of 10 years, the power conversion 

efficiencies of perovskite solar cells have reached over 20%20–23 at the laboratory 

scale and over 15% for large scale modules24. 

 

Figure 2.3: (a) Perovskite structure of the type ABX3 where A is the organic cation 
(in green) usually methyl ammonium or formamidinium, B is the inorganic cation 
(in gray) usually Pb or Sn or a combination of it and X is the halide ion (in purple) 
typically I or Br or a combination18. (b) shows the working mechanism of a 
perovskite solar cell, with possible recombination pathways in red17.  

The structure consists of a cubic (tetragonal at room temperature) lattice 

ABX3 as shown in Figure 2.3 (a). The organic cation (A) is situated at the body 

center, the inorganic cation B is at the vertices and the halide ion X is located 

halfway between each of the edges. Unlike a p-n junction solar cell, the mechanism 

here consists of a p-i-n (or alternatively n-i-p , based on device architecture) 

junction type where the intrinsic perovskite layer converts photons of appropriate 

energy (above its bandgap) into electron hole pairs (Figure 2.3 (b)). These are then 

transported to the selective charge collectors and subsequently to the contacts to 
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complete the circuit25,26. The movement of electrons and holes as it occurs in a 

working device, is shown in Figure 2.4 (b).  

Traditionally, methyl ammonium lead iodide (CH3NH3PbI3) has been the 

choice of active material. TiO2 (titanium dioxide) is used as the electron transport 

layer with a mesoporous scaffold used for transport and a compact layer to reduce 

recombination effects. The entire device stack with the materials is shown in Figure 

2.4 (a).  FTO (fluorine doped tin oxide) is the current collector for the electron side. 

For the holes, an organic layer consisting of SpiroOMeTAD, with LiTFSI (Lithium 

bis(trifluoromethanesulfonyl)imide) and tBP (tert-butyl pyridine) as additives forms 

the hole transport layer. This is followed by Au (gold) contacts as the current 

collector layer on the hole side17. 

 

Figure 2.4: (a) Typical device architecture for a perovskite solar cell. The 
mesoporous scaffold can be TiO2 or Al2O3 and it can be an optional layer also 
based on the architecture used. (b) The band alignment for each layer in the device 
stack showing the movement of electrons and holes from the absorber (perovskite) 
to the charge collector layers and then the contacts17. 

Since its introduction in 2008, several different materials for the 

electrodes27–30, different device architectures and more variants and combinations 
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of the organic cation and halide ion for the perovskite absorber have been 

developed18,19,31–33. This development can be attributed in part to address stability 

issues in perovskite solar cells, both at the material and device level that are 

preventing commercialization. Environmental stimulants such as moisture, 

temperature, UV light and oxygen have also been seen to affect the perovskite 

material directly34. This high sensitivity is largely due to [1] the low formation energy 

of the perovskite compared to the reactants; lead iodide and methyl ammonium 

iodide35 and [2] susceptibility of the organic cation to react with moisture through a 

sublimation process, leaving behind PbI234. In this respect, cationic substitution 

with Cs, FA (formamidinium), Rb and other larger species have been explored both 

for 2-D and 3-D perovskites, to create more thermally resilient and less moisture 

sensitive films. Moreover, mixed halide perovskite with Br-I as well as Br based 

perovskites can provide tuning of the bandgap and optical absorption36. These 

numerous modifications however also either lead to lower power conversion 

efficiencies or are themselves unstable and prone to degradation. This is 

especially true for organic species.  

Of prime importance then is degradation of perovskites in moisture that can 

lead to rapid conversion back to PbI2 within 24 hours. While thermal, oxygen and 

UV light degradation can be mitigated by appropriate cooling systems, sealing of 

devices and photon down conversion mechanisms respectively, moisture control 

over typical lifetimes of 20-30 years is more difficult. While the role of moisture 

during device fabrication is more debatable with reports showing that relative 
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humidity (RH) levels even up to 50% can lead to dissolution of the perovskite and 

better recrystallization and mass transport,37–39 the effect of moisture in device 

degradation is unilateral in that perovskites degrade rapidly in presence of 

moisture40,41. The reaction mechanisms (as shown in Figure 2.5) and the formation 

of reversible monohydrate phases has also been reported42,43. 

 

Figure 2.5: Schematic showing the degradation pathway for methyl ammonium 
lead iodide in presence of moisture42. 

In a complete device stack though, protection to moisture can be achieved 

either by more efficient sealing technologies or alternatively better material 

engineering that can act as a moisture barrier44. In order to achieve the latter, 

understanding the pathways for degradation in a complete device stack are 

necessary to ensure longer device lifetimes. As such rapid decay in power 

conversion efficiencies have been observed for device stacks where the perovskite 

material itself is not directly exposed to moisture due the hole transport layer and 

Au contacts above it40,45. A clear picture of the degradation here coming from a 

device perspective was hence missing, which was elucidated through our work 

and a few other groups at the same time41,46,47.  
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2.2 Energy storage using Li-ion battery 

The intermittency of energy generation through photovoltaics, due to the 

day and night cycles, as well as the need for stored energy for various other 

applications (portable tools, vehicular transport and electronic devices) have led to 

the rapid development of energy storage technologies.  

 

Figure 2.6: Comparison of energy storage technologies that satisfy different 
specific energy and power requirements48. 

While storage options are wide and varied (pumped hydroelectric, lead acid, 

flow batteries, Li-ion, compressed air, compressed hydrogen gas) based on the 

energy and power requirement48, the current market for electrochemical storage 

based on Li-ion batteries has taken the forefront. Figure 2.6 shows the large range 

of energies that different battery technologies can satisfy, with only hydrogen and 

gasoline storage providing higher energy. Supercapacitors can provide high power 
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that are usually not required for a long duration and can be switched over to 

batteries for more sustained energy applications. In this respect, Li-ion batteries 

provides advantages of high energy density (compared to other primary and 

secondary battery chemistries), resilience to deeper discharge (compared to lead 

acid batteries) and safer, quiet running than compressed air and compressed 

hydrogen gas49,50. Led by improvements in cell chemistry and design, the 

penetration of Li-ion batteries is now ubiquitous globally. 

2.2.1 Working mechanism of Li-ion batteries 

The underlying source for electrochemical energy storage consists of the 

conversion of chemical energy stored in bonds (chemical potential) into useable 

energy in a reversible manner. Li-ion batteries are based on the concepts of a 

redox reaction, where oxidation occurs at one electrode and reduction at the other 

that are separated by an electrolyte medium. As shown in Figure 2.7, a typical Li-

ion battery consists of both cathode and anode, the cathode made up of a Li 

containing transition metal oxide and the anode consists of graphite or a graphite-

silicon (5-10%) blend. These electrodes are separated by a porous separator that 

prevents any direct contact between the electrodes and a liquid electrolyte that 

allows ionic conduction of Li-ion but prevents any electronic conduction. 

           During discharge, Li contained in the cathode is oxidized from Li to Li+, due 

to the difference in the chemical potential between the anode and cathode. This 

Li+ then travel to the anode inside the battery but the electrons are prevented to do 

so due to the poor electronic conductivity of the electrolyte. At the anode side, Li+ 
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is now reduced to Li taking an electron through the external circuit. Hence 

electronic transport (current flow) occurs in the external circuit driving the load and 

ion transport occurs inside the battery. During charge, the Li is oxidized at the 

anode and reduced at the cathode, due to an external driving force51. 

 

Figure 2.7: (a) Schematic showing the anode and cathode chemical potentials 
responsible for the driving force for ionic movement and (b) working mechanism of 
a Li-ion battery under charge/discharge conditions51. 

Since the redox reactions are driven by the chemical potentials, they are 

thermodynamically controlled. The theoretical specific capacity can also be 

determined based on the number of electrons transported and the molecular 

weight based on Faraday’s law as 

௪
 

Where, Q is the theoretical specific capacity in mAh/g, n is the number of 

electrons transferred. F is the Faraday constant given by 96,500 C/mol and Mw is 

the molecular weight of the electrode.  
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While theoretically the obtained potentials and the specific capacity can help 

estimate the maximum energy that can be obtained, practically the materials 

stability under lithiation and de-lithiation is an important factor to be considered. 

The practical capacities obtained are hence a function of the amount of Li that can 

be extracted reversibly without material degradation. Moreover, side reactions 

between the electrode and electrolyte under applied potentials can be detrimental 

to the battery performance and capacity retention. Hence understanding material 

stability and interaction under different conditions is necessary for future battery 

development. 

2.2.2 Cathode materials 

Since the introduction of LiCoO2 (LCO) by Goodenough52 and 

commercialization of Li-ion batteries by Sony in 1990, the cathode has seen 

transition across different material chemistries. Driven by the high cost (due to Co), 

low thermal stability, low practical specific capacity of LCO (~135 mAh/g53) and 

capacity fade during deep discharge (>50% Li, 4.2 V), LiNiO2 (with the same 

crystal structure as LCO) was introduced as the alternative. This was due to its 

high specific capacity (~175-200 mAh/g54), attributed to Ni, and low cost. However, 

the low thermal stability (due to ease of Ni3+ reduction compared to Co3+) and high 

ratio of Li/Ni intermixing which interfered with Li pathways rendered this compound 

unstable and Co and Mn were introduced, Co for structural stability and rate 

capability and Mn for low cost and safety3,53. This gave rise to the field of layered 
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oxides- LiNixMnyCozO2 (NMC) that are currently being used for both portable 

electronic and electric transport applications.  

 

Figure 2.8: Schematic showing the different NMC compositions currently used and 
under development.  

The 2D layered (R3m) structure allows for a planar channel for Li ion 

transport. Unlike other materials such as LiNi0.5Mn1.5O4 (LNMO) with 3-D transport 

channels and LiFePO4 (LFP) and Li4Ti5O12 (LTO), NMC offers stable operating 

voltages until 4.3V, high specific capacity, low cost and environmental stability and 

an ability to tune the composition for higher capacities (Figure 2.8); a combination 

of which is not possible with other compounds.  

Replacing Mn with Al can improve the thermal stability, capacity retention 

as well as the specific capacity at high Ni content, which is not currently achievable 

using the NMC. NCA (LiNi0.8Co0.15Al0.05O2) has hence gained prominence as the 

cathode material of choice (Figure 2.9). Moreover, patent issues55 in US related to 

NMC have also hindered their growth to some extent. 
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Figure 2.9: (a) Comparison of the energy density for different cathode materials 
compared to traditional lead acid and NiMH technologies. (b) Spider chart showing 
different metrics for comparison between LCO, NCA and NMC56 . 

While the role of Ni and Co has been extensively studied for NCA, with a 

change in the Ni oxidation state from the surface to the bulk leading to NiO rock 

salt formation, the role of Al is not clearly understood57–59. However, its effect on 

electrochemistry is clear, with both Al coated60 and graded NCA cathodes61 

leading to improved capacity retention compared to traditional NMC cathodes. To 

this effect, the low concentration (5%) and low Z (atomic number) of Al has 

prevented its nanoscale study using other techniques, such as scanning electron 

microscopy (SEM), Focused ion beam (FIB) and transmission electron microscopy 
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(TEM). Understanding and observing the exact stoichiometry, is hence necessary 

to elucidate how Al affects the structural stability and participates in the longevity 

of NCA cathodes. 

2.2.3 Anode materials 

 Amongst the anode materials, graphite has conventionally been the 

material of choice due to its low cost, low operating potential with Li and high 

abundance. The intercalation of Li into the 2D graphite planes provide low volume 

expansion (<5%), that allows reversible Li transport, thus providing high capacity 

retention. However, the specific capacity of ~ 372 mAh/g which was sufficient for 

portable devices can no longer fulfill applications towards grid storage and electric 

vehicles. The intrinsic specific capacity of the anode needs to be higher to allow 

higher volumetric energy densities in a battery pack.  

 

Figure 2.10: Comparison of the specific capacity and potential for different anode 
materials6.  
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Alloy anodes, which allow more than one Li atom to alloy with it (compared 

to intercalation of one Li ion per 6 C atoms) allow for higher specific capacity. As 

shown in Figure 2.10, silicon can provide advantages that are similar to graphite 

with cost, operating potential and availability but like other alloy anodes, it suffers 

from larger volume expansion during lithiation (~300%)4,62,63. This severely 

impedes its capacity retention (Figure 2.11). To mitigate the effect of volume 

expansion on the electrode level, multiple different strategies have been employed 

from binder engineering64–68 (with tailored functional groups for enhanced 

mechanical, adhesive and self-healing properties), to carbon coatings69–72 and 

morphological shape and size control62,73–75 for the silicon particles. However, 

translating these improvements, which are mostly seen in half-cell configuration 

against Li metal, over towards full cells have been a challenge still.  
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Figure 2.11: Failure mechanisms on silicon anodes due to its volume expansion, 
that lead to [a] pulverization of individual particles, [b] loss of electrical contract 
from the current collector and [c] consumption of electrolyte to form thicker SEI 
layer76. 

This is primarily due to the continued consumption of Li in the first cycle and 

on subsequent cycles due to the associated volume expansion. To better 

understand the fundamentals of the lithiation mechanism, in-situ TEM has been 

used to observe a reaction front between silicon and lithiated silicon77–80. It has 

been also been proposed that a high concentration of Li is needed at this interface 

to break the crystalline silicon interface81. But a direct observation of the lithium 

distribution is still missing, which can complete this understanding. 

Moreover, direct Li distribution can allow a better understanding of how this 

stress propagates across the interface and what are the most critical parameters 
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that affect the volume expansion.  This can provide clues for modifying the material 

structure further for enhanced capacity retention. 

2.3 Monitoring, management and automation using semiconductors 

Since the introduction of the field effect transistor, the semiconductor 

industry has seen the fastest growth in nanotechnology. Keeping up with Moore’s 

Law82, the average transistor size has decreased every 18 months with the current 

technology node at 10 nm for the channel length. A fundamental shift in the 

development occurred with the introduction of the finFET structure83 where a 3-D 

fin was developed as the channel, instead of the planar structure, that allowed a 

better modulation of the channel current through the wrap around gate dielectric 

and gate contact. While these improvements have happened independent of the 

energy space, their role started to overlap with development of larger battery packs 

(for grid and electric vehicles) that require efficient management and monitoring 

systems. Battery management systems (BMS) were hence developed and 

deployed to identify the state of charge and health of individual cells and make 

real-time modifications to the charging protocols, to ensure high mileage with 

minimal materials degradation. This real-time monitoring and feedback control 

through efficient still requires advancements in understanding the limitation in 

current semiconductor technology. 

With the introduction of finFETs, the ability to observe the dopant profiles 

and the 3-D stack of the fin-gate dielectrics and gate contacts at each technology 

node is necessary to allow further improvements. Moreover, defects that occur 
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only under certain testing parameters (soft defects) need advanced 

characterization techniques to correctly identify their source at the nanoscale. For 

instance, both TEM and APT correlative studies have been carried out on planar 

FETs84 and on individual dielectric layers85,86 to see the distribution of elements in 

each layer. However, for a controlled study, targeting of the fins and observation 

of both PMOS and NMOS devices at the current technology node is needed.  
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Chapter 3 : Advanced Nanoscale Characterization 

Current advances in the green energy sector require nanoscale 

characterization, with high spatial resolution and high chemical sensitivity. For 

instance, finFET channels lengths are between 10-15 nm and 3D in nature83,87. Li-

ion battery cathodes such as NCA consists of Al in small stoichiometric amounts 

(~1-2%), and NMC cathodes are increasing being modified with surface coatings 

that are a few nanometers thick3. Moreover, NCA cathodes with graded 

composition have also been developed61. Photovoltaics on the other end consists 

of multiple interfaces whose interactions are necessary to understand for better 

device lifetime.  

 

Figure 3.1: Comparison of the spatial and chemical resolution of various nanoscale 
based techniques with atom probe microscopy (APM)/atom probe tomography 
(APT)88. 
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A host of different techniques exist that can provide either spatial or 

chemical information with nanometer resolution. Transmission electron 

microscopy (TEM) gives atomic resolution in 2D averaged over 100 nm or less. 

Using electron energy loss spectroscopy (EELS) and energy dispersive x-ray 

spectroscopy (EDX) gives chemical information in 2D with a sensitivity of ~1%. In 

the realm of nanoscale analysis, scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Raman and IR spectroscopy all fall into macroscopic analysis 

techniques. Secondary ion mass spectrometry (SIMS) provides chemical 

information as a function of depth, with parts per million (ppm) sensitivity, but loses 

x-y spatial resolution.  

 

Figure 3.2: Comparison of the information obtained from APT versus what can be 
seen with TEM and SIMS89. 

Amongst the suit of different spectroscopy/spectrometry and microscopic 

techniques, APT lies in the regime between SIMS and TEM for combined spatial 

resolution and chemical sensitivity (Figure 3.1). APT can provide ~1-10 ppm 

chemical sensitivity, ~1 nm spatial resolution (better for metallic systems) and 

equal detection efficiency (>50%) for all elements, including H and Li. APT is 
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however, unique due its ability to observe buried interfaces, graded compositions 

at the nanoscale and true 3D information90 as shown in Figure 3.2. 

3.1 Working mechanism 

APT derives its name from probing atoms (or small clusters of atoms) by 

tomographic 2D projections that are converted to a 3-D map. The basic working 

mechanism is shown in Figure 3.3. It consists of a needle shaped specimen, with 

an apex radius <100 nm that undergoes field evaporation of ions under the 

application of a base DC voltage and a pulsed laser (for oxides, semiconductors 

and ceramics) or a pulsed voltage (for metallic materials). The specimen is 

cryogenically cooled (~30-40K), to minimize atomic vibration, and the combination 

of a nanoscale tip radius and a local electrode allows for electric field lines to be 

perpendicular to the tip surface. The laser/pulsed voltage causes field ionization 

and ultimately the ions are emitted from the tip surface.  

 

Figure 3.3: Schematic showing the mechanism for APT91.  
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These ions are then accelerated in the electric field from the local electrode 

and reach a cross delay line detector (with a microchannel plate) to uniquely 

identify the x and y position of the emitted ion. The pulse rate is also controlled to 

allow less than 1 ion to evaporate per pulse and enable a z height determination. 

Simultaneously a time of flight measurement, from the time the ion was emitted till 

it hits the detector screen is also recorded to provide chemical species 

identification, through a mass/charge ratio.  

3.2 Sample preparation 

In order to ensure that the ions can be emitted from the specimen surface, 

they need to be prepared specifically into a needle shape with nanoscale apex 

radius. Hence specimen preparation, which is usually done using other techniques 

is a very important aspect of APT. Specimens are usually prepared using 3 

different methods [a] electropolishing, [b] using a shadow mask and [c] using 

focused ion beam (FIB/Dualbeam)88,92,93. Electropolishing is more reserved for 

metallic samples. In brief, a bulk sample is cut into smaller rectangular pieces 

which act as one of the electrodes for the electropolish. A counter electrode and 

an electrolyte are then used to thin the sample at the electrolyte meniscus on 

application of a potential. The setup used is shown in Figure 3.4 (a)92. The sample 

is thinned till a neck region is formed and the thinning continued to allow the neck 

to break and form a tip. This method is more conventional, works best for metallic 

samples that can act as an electrode for the electropolish and does not allow any 

site-specific preparation.  
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The shadow mask consists of a mask pattern that is imprinted onto the 

sample using Ar sputtering94, allowing for large scale preparation of specimens 

(Figure 3.4 (c)). This is however followed by a second sharpening step to achieve 

the final tip shape, which requires an ion beam instrument that can process one tip 

at a time. Hence this also loses any site specificity.  

 

Figure 3.4: Schematic showing the specimen preparation techniques most 
commonly used for APT with (a) electropolishing92, (b) FIB based liftout and tip 
sharpening88 and (c) shadow mask based sample preparation94.  

Current technology though requires the preparation of specimens at specific 

locations, is possible using the FIB/Dualbeam instruments88,92. This technique 

though developed recently, is now most extensively used for sample preparation 

of oxides, ceramics, zeolites, halides and even metallic samples. A sample wedge 

section (milled at 22 instead of 52) is lifted out from the bulk using 

micromanipulators inside the FIB, similar to TEM liftouts, and the sample wedges 

are attached onto individual Si microtip arrays92. The wedge section allows better 
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contact with the silicon microtip base in conjunction with Pt deposition patterns at 

the base, which from a stronger contact point than a physical Van-der-waal based 

contact (if the wedge shape was not used). Based on the length of the wedge lifted 

out, 5-6 samples can be prepared at a time. The individual specimens attached 

onto the microtip array are then milled (annular milling) to prepare the final tip 

shape (Figure 3.4 (b)). Each tip is then analyzed in the APT. 

3.3 Running samples in the atom probe 

As prepared samples are then loaded into a buffer chamber through a load 

lock until they are ready to be run in the system (analysis chamber). The samples 

are loaded into the analysis chamber using a transfer arm. The analysis chamber 

is set at a specific base temperature usually between 30-60 K based on the type 

of sample to be analyzed. The laser energy, pulse rate and detection rate are all 

set through the LEAP Control Center software. Any evaporation at a constant DC 

voltage, usually occurs at different temperatures for different elemental species 

present in the specimen (Figure 3.5 right panel) and any additional laser energy 

input can cause preferential evaporation of elements and interfere in data analysis 

and interpretation.  



31 
 

 

Figure 3.5: Schematic showing the need for the laser pulse and a constant 
temperature to prevent preferential evapaoration93. 

However, at a constant temperature, as shown in Figure 3.5 left panel, the 

field required for evaporation differs, which can be controlled by application of one 

base DC voltage and using the laser input energy to provide the differential such 

that this condition (extra input energy) is met for all elements thus allowing better 

reliability in the data. Hence the base temperature is not varied during the data 

acquisition.  

Following this, the correct microtip identification and specimen alignment on 

the laser beam and with respect to the local electrode, is carried out next using the 

2 optical microscopes in the analysis chamber (Figure 3.6 (a)). Once this is done, 

the runs are started and during runtime, at the onset of evaporation, the specimen 

tip location with respect to the laser is now more closely identified using a scanning 

feature on the software (Figure 3.6 (b)). Following this, the evaporation map on the 

detector screen is now aligned to make sure that the specimen ions uniformly 

impinge the screen and the ion information is not lost, as shown in Figure 3.6 (c). 

Once the alignments are finished and the required detection rate is reached, the 
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specimen data acquisition is put into laser tracking mode where an automated 

algorithm is used to allow efficient data collection.  

 

Figure 3.6: Different steps involved in the alignment of the specimen tip before and 
at the onset of an APT run. (a) Alignment of the correct tip with respect to the local 
electrode using the optical microscopes, (b) alignment of the laser on the specimen 
tip during run time and (c) ensuring that the detector map is uniformly illuminated 
with sample hits for to allow maximum data to be collected. (d) shows the LEAP 
Control Center software with the different parameters to be set.93 

3.4 Instrumentation and parameter tradeoffs 

Based on the pulse rate, the detection window is set up and ions that hit the 

screen within this window are only analyzed during the reconstruction process. A 
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time of flight is hence measured from the start of the detection window (which is 

offset from the pulse sequence, which determines the point when the ions are 

emitted from the surface), until the emitted ions hits the detector screen. A 

schematic for the time of flight measurement is shown in Figure 3.7. 

 

Figure 3.7: Schematic showing the calculation for the time of flight on the 
instrument side and the relevant equations used to get mass to charge ratio and 
the corrections applied during the reconstruction88. m denotes the mass, n is the 
charge, e is charge on a single electron, V is the applied voltage, L is the distance 
the specimen tip and the detector and t, traw both denote the time of flight. FV and 
FB are both corrections discussed later. 

Correction algorithms are used to account for this offset and other trajectory 

offsets coming from ions emitted from the hemispherical specimen hitting a flat 2-

D detector. Based on the time of flight of the ions, a mass to charge ratio is 

obtained for each ion, which is a unique signature of the element/ complex species 

present. APT can provide a very high (4000 amu) resolution in the mass to charge 

ratio, allowing identification of different isotopes for accurate assignment of 

complex ions.  
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Figure 3.8: Schematic of the microchannel plate (a) and (b) and the cross delay 
line detector (c) 

 Ions impinging on the detector screen first hit 2 microchannel plates in a 

chevron configuration, that allows a cascade of electrons events to be produced 

from each ion hit, similar to a photomultiplier tube. This allows for an amplification 

of each ion and no loss in information from individual evaporation events (as seen 

in Figure 3.8 (a, b)). The electrons then hit a cross delay line detector that takes a 

unique amount of time for the signals to complete the circuit, based on the X and 

Y position of the electrons hitting the detector. This is used for x and y position 

identification in the specimen, through a magnification factor (Figure 3.8 (c)). 

 As with any instrument tradeoffs are involved in APT also. The chart in 

Figure 3.9 shows all the tradeoffs involved92. A higher pulse rate can give faster 

acquisition but prevents complete mass to charge spectrum to be available for 

analysis until higher base voltages are reached. This can lead to loss of critical 

information on the species present. On the other hand, a lower pulse rate can lead 

to very slow acquisition times. Laser energy is an important tradeoff too, with a 
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lower value allowing better spatial resolution but possible preferential evaporation 

and a higher energy giving better yield but at the cost of loss in accurate 

compositions or higher than usual Li evaporation rates (specifically for battery 

cathodes).  

 

Figure 3.9: Tradeoff involved with different parameters in APT92. 

3.5 Reconstruction 

The reconstruction process is carried out after sample acquisition on a 

separate proprietary software known as IVAS (Integrated Visualization and 

Analysis Software). The reconstruction follows through 6 steps and is based on a 

.rhit file generated during the acquisition. The first step in the reconstruction is the 

voltage history plot which provides a description of the base DC voltage as a 

function of the ion sequence number. The base DC voltage shows an exponential 

increase that plateaus out at higher ion numbers. This increase is due to the 
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broadening of the tip radius as ions are emitted from the surface, which now require 

more energy to be emitted. But as the tip radius increases, the number of ions 

emitted also increases from the same surface, leading to a slower increase in the 

voltage. In this step, the voltage range to be used for the reconstruction is set. The 

initial voltage region with intermittent features (indicative of the alignment 

processes followed during runtime), are removed from the reconstructed data, as 

shown by the shaded region in Figure 3.10 (a), which is then used for voltage 

reconstruction. 

 

Figure 3.10: (a) Voltage history as a function of the ion sequence to identify 
features that are to be removed from the analysis. As shown here, the shaded 
region will be selected for further reconstruction. (b) Image showing the selected 
area of the detector map that will be used for reconstruction and (c) the mass 
spectrum analysis for identification of different chemical species. 
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Following this, the second step consists of selecting the area of the detector 

map that will be used for the reconstruction. The outer area of the map with sparse 

ion hits is eliminated too. The third and fourth steps are corrections applied to the 

time of flight, following which the time of flight is converted to a mass to charge 

ratio, based on the equation shown in Figure 3.7. 

 After the corrections, the last two steps are the most important for the 

reconstruction, the first one, is the mass ranging (Figure 3.10 (c)), which is an 

identification of the correct element/complex ion evaporated at a particular mass 

to charge ratio. For instance, a mass to charge ratio of 7 can be uniquely identified 

to Li+. As such care must be taken to ensure [1] All species are uniquely identified, 

this in itself is a challenging process due to peak overlaps such as Ti3+ and O+. 

However, the presence or absence of the isotopic peaks (usually present for 

samples not prepared from a particular isotope), and the correct ratio of the 

isotopic peaks can both help to circumvent this issue to a large extent.  [2] The 

ions evaporating with one mass to charge ratio also have a peak distribution, that 

rises sharply and has a logarithmic decay, hence the ranging is done manually for 

each species from the onset of the peak to the decay of the peak into the 

background signals, as shown in Figure 3.10 (c). [3] Spurious single events from 

the background should also be analyzed with care to ensure that they are not 

mistakenly identified as a peak. Hence the mass ranging is a very important step 

in the reconstruction and needs to be carried out with utmost time. The ranging 
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once done, is saved and stored but can also be updated later once the 

reconstruction has finished.  

 Finally, the tip shape reconstruction is carried out. This step determines the 

accurate z height for each emitted ion. The reconstruction is carried out assuming 

a hemispherical tip shape for each specimen that descends into a cone of a fixed 

shank angle. Hence the tip shape reconstruction algorithms are divided based on 

voltage, shank angle or tip image. In the voltage-based algorithm, the voltage and 

the evaporation field Fe at the tip apex are used to calculate the radius R through 

a constant factor kf. Each increment in voltage leads to the evolution of the radius 

and hence the tip, through the equation: 

௙ ௘
 

 In the shank angle-based reconstruction, an initial radius R0, the shank 

angle  and the depth coordinate z obtained from the ion sequence number is 

used to calculate the evolution of the tip radius R. 

ை




 

 While both these algorithms work well with tips that conform to the 

assumptions of a hemispherical tip shape, more likely than often, the final tip shape 

does not fit this assumption. Figure 3.11 shows a tip image that is used for to create 
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tracers that follow the actual evolution of the tip which can then be used for the 

reconstruction process. The images are obtained from SEM or FIB. 

 

Figure 3.11: Tip profile process for the final step in the reconstruction92.  

 After going through the reconstruction process, the system then generates 

a .pos file which can then be used for 3D visualization. Different color schemes, 

3D rotations and different projections are all then used to analyze the obtained 

data, using the IVAS software.  

3.6 Applications 

While atom probe tomography is an intensive technique where the 

specimen is destroyed for analysis, the ability to obtain nanoscale information and 

at the atomic level for metallic systems has led to a host of different applications. 

Studying hydrogen embrittlement in steel95, where the hydrogen distribution into 

grain boundaries or the bulk can make a different in the steel yield strength, 

studying the chemical make-up of geological materials where ppm level impurities 
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and nanoclusters provide clues towards formation of rocks on earth96, 

semiconductor profile and dopant analysis97 and more recently inorganic analysis 

of biological systems98,99 are all are areas where atom probe tomography can be 

applied. The applications of APT towards energy devices, has however been 

limited.  

 Towards photovoltaics, multi-crystalline silicon panels have been explored 

for composition gradients on grain boundaries,100 but more importantly 

heterojunction cells based on different III-V semiconductors have been more 

extensively explored to identify the thicknesses of each layers and homogeneity in 

the chemical distribution of each layer101–103. More recently though, multiple 

studies have also explored the segregation of Na and S or Se on grain boundaries 

in the active layer of CIGS solar cells104–106. These are identified to be as a result 

of diffusion from the soda lime substrates and lead to increased power conversion 

efficiencies due to passivation of vacancies at the grain boundaries. The 

applications of APT hence towards more novel perovskite and organic photovoltaic 

technology has still not been explored. 

For battery materials, the field of APT is relatively new with just a handful of 

articles that first started with LCO107. Here APT was used as a complimentary 

technique with TEM to show the depletion in Li in the cycled samples and 

segregation of Li towards internal grain boundaries in LCO. Moreover, based on 

this initial interest, Mn based cathodes (LiMn2O4) and Ni, Co based cathodes were 

briefly explored before and after cycling108–111. LiFePO4112 and SiO113 were also 
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reported once with no follow up work to investigate the materials further. However, 

around the same time, the effect of laser energy on the accurate stoichiometric 

compositions was investigated for simpler oxides114. This study showed the 

change in the atomic compositions with changing laser energy. This brought into 

question the quantitative accuracy of the analysis carried out for battery materials, 

even though the qualitative trends were verified due to correlative studies. Also, 

more importantly what the best analysis conditions were for each cathode oxide 

was necessary to explore. 

Hence the field of APT was still wide open to first start to understand the 

material to instrument laser energy interactions before moving on to application 

such as nanoscale coatings, graded compositions and structural degradation from 

the surface to the bulk could be explored. Hence studying the fundamentals of APT 

towards energy materials and how the technique can be applied towards 

understanding next generation technology is the focus of this thesis. 
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Chapter 4 : Three-Dimensional Nanoscale Mapping of State-of-the-Art Field-

Effect Transistors (FinFETs) 

4.1 Introduction 

In this era of digitalization, the ubiquitous nature of electronic devices such 

as phones, laptops, and smart home appliances has led to a social and economic 

revolution. At the core of each device is a transistor, a simple electronic switch that 

performs logic operations and stores data in memory blocks through intricate 

connections with other transistors115. The first transistor was invented in 1947 by 

Bardeen, Brattain, and Shockley at Bell Labs116. Since its invention, there have 

been numerous changes over the years with the field-effect transistor (FET) taking 

the forefront117,118. The development of complementary metal-oxide 

semiconductor (CMOS) technology (consisting of PMOS and NMOS; P for p-type 

and N for n-type, indicating the type of dopants used for the source-drain contacts) 

with individual FETs as either PMOS or NMOS is the current basis for chipsets 

used in digital integrated circuits (ICs)119.  

The FET has seen a relatively steady scaling of size following Moore’s 

Law82. In effect, as the FET size scaled, parasitic capacitance between the 

contacts and gate became a major issue which led to new designs and materials 

to be used120. A paradigm shift occurred in 2000 with the introduction of the three-

dimensional (3D) finFET technology by Dr. Chenming Hu83. The 3D structure with 

the fin protruding out and the gate wrapped around three sides allowed better 

control of the channel current during on/off state and also overcame the problem 
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of drain-induced barrier lowering, which was responsible for large off-state leakage 

currents due to the small channel size.  

The fin brought in the era of nonplanar devices120,121. With the current 

production technology node at 14 nm (based on fin width), identifying and 

understanding individual finFETs is a burgeoning field. Defects in finFETs are 

currently identified using electrical, optical, or thermal techniques such as soft 

defect localization using a scanning optical microscope122,123, infrared (IR)-based 

techniques, due to Si being transparent to IR wavelengths123,124 and scanning 

spread resistance microscopy125,126. Although these techniques can tell the pass 

or fail state of each transistor and a localized region where the FETs are good or 

bad, the relationship between device failure and structural or concentration 

anomalies is still missing. At best these techniques can provide a spatial resolution 

of ~50 nm122–126.  

Soft defects occurring due to dielectric breakdown, process variations, and 

resistive interconnects are more often attributed to structural defects at the atomic 

level. Specifically, line-edge roughness and fin thickness variations can affect the 

threshold voltage and sub threshold slope127,128, both important electrical 

parameters for low power devices. Variations in the oxide layer thickness can give 

rise to larger tunneling currents129, while discrete impurity atoms in the channel 

can significantly affect the current density in the channel130. Thus, a systematic 

study of such variability in individual devices is necessary as the device 

dimensions decrease so that the performance of an IC is not comprised. Both the 
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scanning transmission electron microscopy (STEM) and atom probe tomography 

(APT) can aid to further this understanding. Although the STEM can provide an 

atomic scale spatial resolution <1Å 131 and an energy-dispersive X-ray 

spectroscopy (EDS) system incorporated in the STEM can provide chemical 

mapping, the ability to observe low atomic number (Z) elements is still lacking. 

Further the STEM can only provide 2D information on 3D finFETs.  

Since the introduction of laser-assisted APT, the semiconductor industry 

has quickly ensured early adoption of this technique. APT can provide both spatial 

and compositional information by combining time-of-flight mass spectrometry with 

a point projection microscope. Samples prepared in the form of a needle are field 

evaporated under the application of a high-DC voltage and a UV laser to give 3D-

nanoscale composition with a spatial resolution of ~0.2 nm at best at best for 

metals and up to 1–2 nm for complex oxides and nitrides132, in x, y and z 

dimensions87,88,92,133.  

Initial studies on semiconducting devices and structures dealt with arsenic 

(As) Cottrell spheres in Si134. Further studies on Si–germanium (Ge) epitaxial 

layers90 were followed by reports on planar high-κ dielectrics analyzed using both 

secondary-ion mass spectrometry and APT to show the reliability of APT86,135. 

Subsequent studies on distribution of boron and phosphorus dopants during 

processing and on boron distribution during ion implantation were also 

reported85,136. Individual planar metal-oxide semiconductor field-effect transistor 

devices have also been analyzed by84 and by137. Kambham et al.97,138–140 dealt 
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with the issue of targeting individual fins. Very recently, correlative microscopy with 

APT and transmission electron microscopy (TEM) on 30 nm static random access 

memory (SRAM) planar transistors with Ni–Si contacts has also been shown141. 

Boron profiles for 14 nm fins were reported by142 albeit on samples specifically 

prepared for APT.  

Thus, intensive studies have been carried out for transistors using APT, but 

none of the aforementioned studies have shown the application of correlative 

microscopy (APT and STEM) to 14 nm commercial finFETs, with analysis of gate 

dielectric stack and fin region for both PMOS and NMOS; 14 nm finFETs have 

added complexity of their small size apart from being 3D in nature. Furthermore, 

previous studies have not dealt with as-fabricated commercial devices, but with 

devices where fabrication was halted midway to obtain and prepare samples for 

APT. In this report using STEM-EDS and APT, we analyze in detail finFET regions 

for both NMOS and PMOS fins in as-fabricated devices. PMOS devices are 

characterized by the presence of Ge (allows strain-induced mobility enhancement) 

as opposed to the NMOS. The importance of using two complementary techniques 

is discussed here along with their advantages and shortcomings. APT being a 3D 

technique, with the ability to observe all elements with equal probability, shapes 

the future of nanoscale characterization for finFETs. 

4.2 Materials and Methods 

Scanning electron microscope (SEM) images of individual fins, for both 

NMOS and PMOS, are shown in Figure 4.1. This aids in correct identification of 
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the region of interest. The schematic (Figure 4.1 (a)) depicts the Si fin and gate 

dielectrics. Samples prepared for APT are etched using hydrogen peroxide to 

remove tungsten from the contacts. The removal of the tungsten increases the 

analysis success rate by reducing sample fracture during field ionization. The 

planar view of the device at the contact level, after tungsten etching, is shown in 

Figure 4.1 (b). The PMOS is identified by the intermittent nature of the fin (fin ends 

shown) and the NMOS is the device adjacent to it (left panel of Figure 4.1 (a) and 

Figure 4.1 (b)). APT specimens are extracted and sharpened using standard FIB-

based cross-section lift-out and annular milling procedures143–145 but the APT lift-

out differs from TEM/STEM lift-out since a wedge-shaped section is used for APT 

whereas the TEM/STEM uses a cuboidal block. 

4.2.1 Sample Preparation for STEM 

 Integrated circuits containing SRAM arrays are removed from the 

packaging and de-bonded using standard protocols discussed in the literature. The 

chips are then cleaved to the required size and undergo mechanical polishing to 

the layer of interest; 14 nm SRAM arrays are identified for the PMOS and NMOS 

regions, using computer-aided design (CAD) layout, in an FEI Helios NanoLab 650 

(FEI, Hillsboro, OR, USA) or 450S FIB/SEM system. The region of interest is 

protected from Ga damage during ion milling using metallic Pt deposited in situ in 

the FIB using a gas injection system (GIS). The region of interest is then marked 

down with “X”- type FIB milling patterns to ensure easy identification during 
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subsequent steps. A lift-out section is prepared by milling rectangular patterns on 

either side followed by a J-cut.  

 

Figure 4.1 (a) Left panel: planar view of individual p-type metal-oxide 
semiconductor (PMOS) and n-type metal-oxide semiconductor (NMOS) devices 
that are analyzed using atom probe tomography and scanning transmission 
electron microscopy. Center panel: schematic of a typical field-effect transistors. 
The Si fin is shown in blue with a layer of buried oxide, above which the fin 
protrudes from the substrate. The gate dielectric stack which consists of multiple 
layers is shown in orange with the gate itself in green (schematic not drawn to 
scale). Right panel: an individual fin cross-section in two different directions. (b) 
Scanning electron microscope (SEM) image of a PMOS and a NMOS transistor 
with the contacts etched, in planar view. (c) Cross-section SEM image of the 
sample along the gate direction (as shown by the yellow dashed line in (b). (d) 
Cross-section SEM image of the sample along the fin direction (as shown by the 
blue dashed line in (b). Individual fins are visible as indicated by the blue box. 

 
The thickness of a lift-out section is typically between 2–3 μm. A micromanipulator 

is then used to detach the prepared section from the substrate and attach it onto 

an OmniProbe® Cu grid (Ted Pella, Inc., Redding, CA, USA) suitable for use with 

a TEM/STEM sample holder. The attached section is then milled down to a 

thickness of ~150 nm at an accelerating voltage of 30 kV and a beam current of 
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~0.23 nA. A low accelerating voltage of 5 kV or less and a current of ~68 pA are 

then used for the final polishing step to remove any re-deposition due to the Ga 

milling and bring the final thickness within 20 nm. The cross-section parallel to the 

fins, as shown in Figure 4.1 (c), and perpendicular to the fins, as shown in Figure 

4.1 (d), are both used to ensure accurate identification of the region of interest. 

Additional details and images for the sample preparation are mentioned in 

Appendix A, Section A.5. 

4.2.2 STEM-EDS Measurements 

As prepared TEM sections are analyzed using an FEI Tecnai Osiris™ 

system at 200 kV accelerating voltage. Four windowless silicon drift detectors 

placed at 90° with respect to each other are used to obtain the chemical maps. A 

1 nA beam is used in a ~512 × 512 array with a 25 μs dwell time for ~10 min. The 

EDS data is then quantified and deconvoluted using the Cliff-Lorimer method. 

4.2.3 Sample preparation for APT 

Integrated circuits containing SRAM arrays are removed from the 

packaging and de-bonded using standard protocols. The chips are then cleaved 

to the required size and undergo mechanical polishing to the layer of interest. The 

cleaved chips are then etched to remove tungsten (W) from the contacts; 14nm 

SRAM arrays are identified for the PMOS and NMOS regions, using CAD 

drawings, in a FEI Helios NanoLab 650 or 450S FIB/SEM system. The PMOS is 

identified by the intermittent nature of the fin (fin ends shown) and the NMOS is 

the device adjacent to it (Figure 4.1 (b)). The region of interest is protected from 
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Ga damage during ion milling using a thin layer (~150 nm) of either metallic (Ni), 

deposited by sputtering, or insulating (SiO2) layer, deposited in situ in the FIB using 

a GIS. This is followed by metallic Pt deposition (~100–200 nm). A wedge-shaped 

slice of the sample section, with the region of interest is then detached from the 

sample surface using a micromanipulator. The wedge-shaped slice is prepared by 

milling rectangular patterns at a tilt angle of 22° and ensuring that the fins are 

perpendicular to the milling direction. The detached section is then placed on an 

Axial Rotation Manipulator™ (ARM3™) module and the free-hanging edge is 

cleaned (milled) to view the fins. One of the walls (depending on the direction of 

rotation for cross-section sample preparation) is milled to bring the transistor of 

interest right at the edge (Appendix A, Section A.4). The lift-out wedge is then 

physically rotated 90°, such that the fins are facing sideways (with respect to the 

analysis axis) to prepare cross-section tips. The rotated wedge has the fins facing 

sideways. On the visible gates on top, another layer of either metallic (Ni) or 

insulating (SiO2) layer is deposited (~100 nm) followed by Pt (~200 nm). The 

wedge (due to the rotation) now has one flat parallel wall (parallel with respect to 

the analysis axis). Thus, a new wedge-shaped section is now prepared out of the 

existing section where the bottom apex of the wedge is aligned with the top of the 

fin or the region of interest. The as-prepared wedge is then detached from the 

ARM3™ module using a micromanipulator; 2 μm long square pieces are cut from 

the wedge and placed on as-fabricated Si microtip arrays. These are then 

annularly milled (at 30 kV accelerating voltage and ~0.23 nA followed by ~26 pA 
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when the end diameter is <800 nm) using a donut-shaped milling pattern to obtain 

a conical tip with an end diameter <150 nm. A final polishing (using 2 kV 

accelerating voltage and ~34 pA, and subsequently ~24 pA) is used to remove any 

residual Pt from the tip surface, which might interfere with the APT results. 

Additional details and images for the sample preparation are mentioned in 

Appendix A, Section A.4. 

4.2.4 APT measurements 

As prepared tips are then quickly transferred to the LEAP system and run 

in the laser-assisted mode to obtain the 3D atom probe reconstruction. For the 

PMOS devices, prepared tips are run in a LEAP 4000 XHR (at the Environmental 

Molecular Sciences Laboratory at Pacific Northwest National Laboratory, 

Richland, WA, USA) at a base temperature of 50 K and laser energy of 60 pJ with 

a pulse repetition rate of 125 kHz. A detection rate of 0.005 ions/pulse is used. The 

NMOS devices are run in the LEAP 5000 XR (Cameca, Gennevilliers, France) at 

a base temperature of 50 K and laser energy of 60 pJ with the pulse repetition rate 

of 100 kHz. Obtained data are reconstructed using the Integrated Visualization and 

Analysis Software (IVAS®) software following the tip profile method. 

4.3 Results 

4.3.1 STEM 

 Nanoscale chemical composition maps representative of the elements 

present in the fin and the gate dielectric layer are shown in Figure 4.2, for both 

NMOS and PMOS, respectively. The high-angle annular dark field (HAADF) image 
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of the region probed in the EDS is shown at the left in Figure 4.2. The first row 

corresponds to a NMOS along the direction of the fin (the direction corresponding 

to the fins is displayed in Figure 4.1 (d)). The HAADF map for the NMOS (Figure 

4.2 (a) left) demonstrates different contrasts for the Si fin and the gate dielectric 

layers. The large region of light grainy contrast also seen is tungsten (EDS map 

shown in Appendix A, Section A.6), which has been etched only for APT 

specimens and not for STEM. The EDS maps show that for the silicon (Si) fin and 

the gate dielectric layers consisting of Hf, O, Ti, N, Al, and C are clearly visible. 

The HfO2 high- dielectric forms a thin barrier around the Si fin followed by a thin 

layer of TiN, then AlCx and subsequently a thicker layer of TiN before the W gate 

contact. The TiN layer contrast is visible more so from the N maps as opposed to 

the Ti maps. The Ti map shows a blurry contrast across the Al layer. The HAADF 

map along the gate direction for the NMOS, displayed in Figure 4.2 (b), shows the 

W (light contrast) present in the contact regions (source and drain) and at the 

center of the gate region for the 14 nm technology node. The HfO2 high- dielectric 

is present only in the gate region and the Al signals are also seen only in the gate 

region. Thus, the source-drain contacts are devoid of any HfO2 or AlCx layers. In 

the gate direction also HfO2 is the layer closest to the fin. Structural irregularities 

in the Si fin, as well as the HfO2 high- dielectric, are absent from the EDS maps 

(Figs. 4.2 (a), 4.2 (b)) indicating a working NMOS device.  
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Figure 4.2: High-angle annular dark field (HAADF) image and energy-dispersive 
X-ray compositional maps (a) for a n-type metal-oxide semiconductor (NMOS) fin, 
(b) for the gate region in an NMOS fin, (c) for a p-type metal-oxide semiconductor 
(PMOS) fin, and (d) for the gate region in a PMOS fin. The presence of Ge and the 
differing fin widths distinguish a PMOS from a NMOS. The Si fin and Hf from the 
HfO2 dielectric is shown in blue, O in orange, Ti and N signals from the TiN layer 
are in green and Al signals from AlCx are in red. Scale bar: (a, c) 20nm, (b) 30nm, 
and (d) 50nm. 

Figures 4.2 (c) and 4.2 (d) display EDS maps for the PMOS devices. The 

PMOS devices show similar chemical compositions for the gate dielectric stack as 

the NMOS devices. The Si fin is also visible in Figure 4.2 (c). There are two 

important differences between the PMOS and the NMOS device: (a) the Si fin is 

thicker for the NMOS device compared with the PMOS device (Figure 4.2 (a), 4.2 

(c), respectively); (b) the PMOS device is characterized by the presence of Ge in 

close proximity to the gate region, right under the W contacts. Both these 

differences, especially the presence or absence of Ge can be used to identify a 

PMOS from a NMOS device.  
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Thus, with careful sample preparation and a sensitive EDS detector, a 

wealth of information on the physical device structure and chemical composition 

can be obtained from the STEM, however this technique suffers from three 

shortcomings; (a) with each successive generation of devices, due to reducing 

sizes the total signal intensity for the EDS will keep decreasing. Low Z elements 

such as N, O, and Al show a background signal from other regions as well (Figure 

4.2). This indicates that the available scattering cross-section for reliable EDS 

signals from finFETs will ultimately reach its limit. (b) The ability to see dopant 

elements such as boron is not possible using this technique. Both the low 

concentration of dopants in finFETs (1018/cm3 corresponding to parts per 

thousand) as well as the low atomic number makes it difficult for EDS to yield any 

reliable chemical maps of boron in the STEM. (c) Any sort of 3D information is also 

missing since the STEM provides 2D information averaged over ~100 nm in the 

third dimension. Obtaining 3D information becomes more important especially for 

the PMOS devices where the fins are not continuous and the end points at the 

source/drain cannot be completely understood using 2D maps from the STEM. 

4.3.2 APT 

The aforementioned shortcomings of STEM motivated the use of APT, 

which is more suited to characterize the 3D nature of the finFET device (Figure 4.1 

(a)). APT has equal probability of detecting all elements in the periodic table 

allowing detection of B, C, N, Al, and O for the FETs. It further allows ~10–100 

parts per million (ppm) quantitative sensitivity (upto 1 ppm under conditions of low 
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background counts and large number of atoms collected146; which is two orders of 

magnitude higher than that obtained by EDS133,144. Although most techniques 

provide either compositional or spatial information, APT is unique in its ability to 

convert time-of-flight mass spectrometry to compositional information (through 

mass to charge ratio). The sequence of ions and x, y coordinates from a position 

sensitive detector are converted into 3D spatial information.  

The analysis of the Si fin and gate dielectric layers obtained using APT is 

displayed in Figure 4.3. The absence of Ge as evidenced by the mass spectrum 

analysis (Appendix A, Section A.3, Figure A.3) allowed identification of these maps 

as part of a NMOS device. As seen from the leftmost map in Figure 4.3 (a), the Si 

fin (in blue) is wrapped on three sides by the gate dielectrics. The HfO2 layer 

(shown in orange) and the subsequent TiN and AlCx layer (in green and red, 

respectively) are also seen on all three sides of the Si fin. The inset shows the 

HAADF image of the NMOS fin with the black box marking the region that was 

analyzed in APT. This conclusion is based on the chemical compositions observed 

from the NMOS atom probe maps, which were captured using a LEAP 5000 XR at 

Cameca. The gate dielectric layers are observed in succession in the individual 

atom maps shown in Figure 4.3 (a) (additional maps are shown in Appendix A 

Section A.1). The HfO2 high-κ dielectric layer can be analyzed using the HfO maps 

and the TiN layer is analyzed using the TiN maps. The Ti maps also show a blurry 

contrast across the AlCx layer, similar to the STEM-EDS results. Both Al and C 

maps are useful for analyzing the AlCx layer itself. 
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The presence of atoms of different chemical species in regions far apart 

from the fin cannot be construed as a background signal. As an example, the 

complete 3D information that could be obtained from the HfO maps is shown in 

Figure 4.3 (b). Each map corresponds to a rotation of 90°. The atom probe maps 

display regions of HfO perpendicular to the fin (the first and third maps in Figure 

4.3 (b)). When rotated by 90°, these regions would appear as if they were part of 

a low count background signal (as seen in the HfO map in Figure 4.3 (a)). This can 

be explained in the following way; during device fabrication, the HfO2 high- 

dielectric layer is deposited using atomic layer deposition147 in the pits formed after 

the fins are fabricated, defining the gate area. HfO2 covers all the pit walls of the 

gate area and fin walls also. The region of HfO2 covering the fin (Figure 4.3 (a)) 

corresponds to that which was deposited over the fin wall while the perpendicular 

regions, seen in Figure 4.3 (b), correspond to part of the pit walls of the gate area. 

A similar analysis can be carried out for the TiN and AlCx layers also. 

Supplementary Movie shows a video clip of HfO2 layer as it completes a 360° 

rotation to allow a full 3D interpretation. Such detailed visualization of the gate 

dielectric layers, as well as the fin, has been observed for the first time. 
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Figure 4.3 (a) Atom probe tomography (APT) maps of a n-type metal-oxide 
semiconductor fin with inset showing the high-angle annular dark field image for 
the region of interest captured in APT. The Si fin is covered by the gate dielectric 
on three sides. (b) APT maps for HfO each rotated by 90° with respect to the 
previous. (c) Concentration profile across the fin and the gate dielectric stack for 
each of the chemical species. Scale bar is 25 nm in length. 

 
Further detailed analysis of the dielectric layers can be carried out by 

measuring their concentration profiles as a function of distance (Figure 4.3 (c)). 

The region plotted for the concentration profile is shown in the inset (bottom right). 

The concentration profile is taken across a cylindrical section by averaging the 

concentration across a circular area of a given radius (here 5 nm) and plotting it as 

a function of distance. The physical position of the cylindrical section determines 

the region where the plot is made, with a bin size of 0.1 nm along the distance axis. 
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From the concentration profile three important inferences can be made; (a) it can 

be observed that the Si fin (blue curve) is covered by the HfO2 dielectric on either 

side (orange curve). This is followed by a thin layer of TiN (green). Subsequently 

AlCx (red curves for Al and C) and a thick layer of TiN are present. This is in close 

agreement with the STEM-EDS maps. The Si fin is devoid of any observable 

contamination from any of the dielectric stack, as evidenced by the zero 

concentration of the dielectric layers in the fin region. The concentration of the 

dielectrics on either side of the fin is also similar indicating uniformity in processing 

conditions during fabrication. A single peak on each side also hints toward minimal 

variability in fin wall thickness, which directly affects the device threshold voltage. 

Such profiles are important in case of failed devices where any anomaly in the 

concentrations on either side could possibly give rise to device failure. Another 

observation is that the Si fin concentration also increases after the dielectric stack 

due to the presence of SiO2 which is used as the insulating barrier around the fins.   

The analysis for a PMOS device is more complicated due to the intermittent 

nature of the fins and the presence of Ge which strains the region around it. This 

analysis should be interpreted with caution as the presence of undulating walls or 

waviness could possibly indicate intermixing or a sporadic evaporation field. APT 

analysis of a PMOS device is shown in Figure 4.4. Parts of a Si fin and the gate 

dielectric layer, albeit on two sides, can be observed in the first map in Figure 4.4a. 

This region is toward the right side of the first map. Apart from this, the map also 

shows a region of Si toward the left of the map and dielectric regions perpendicular 
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to the fin but with undulating walls unlike the NMOS maps. Such undulating walls 

are generally observed for contacts (due to less stringent design considerations) 

or regions near the contacts (Figure 4.2 (d)). A clear understanding of these 

undulations with specific emphasis on the effect of the evaporation field will be the 

subject of future work. The inset shows the HAADF image of the PMOS fin with 

the black box marking the region that was analyzed in APT. The PMOS device 

atom probe maps were captured using the LEAP 4000 XHR at Pacific Northwest 

National Laboratory. As seen from Figure 4.4 (a) the PMOS also shows a similar 

layered structure as present in the NMOS for the gate dielectric stack (additional 

maps to aid in the interpretation are shown in Appendix A Section A.2). Figure 4.4 

(b) shows the Ge maps, which is a signature for PMOS. Ge is present at the base 

of the fin region in this map (mass spectrum used for the analysis is shown in 

Appendix A Section A.3, Figure A.4). 
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Figure 4.4 (a, b) Atom probe tomography (APT) maps for a p-type metal-oxide 
semiconductor (PMOS) fin closer to the source/drain contact. Inset: high-angle 
annular dark field image for the region of interest captured in APT. (c) APT maps 
for HfO each rotated by 90° with respect to the previous. (d) Concentration profile 
across the fin and the gate dielectric stack for each of the chemical species. Scale 
bar is 30 nm in length. 

 The HfO maps show a twofold V-shaped region at the base of the atom 

probe map (first map in Figure 4.4 (c)). The left part of this map shows well-defined 

regions around the fin whereas the right-side shows the perpendicular undulating 

regions. The same regions can be observed in different views across the other 

maps in Figure 4.4 (c), each rotated by 90° with respect to the previous one. This 

V-shaped region at the base also contains O and a small amount of B (Appendix 

A Section A.2). Thus, for the PMOS, the 3D visualization along with chemical 

composition was essential for identifying the region closer to the source/drain 

contact. The concentration profile shown in Figure 4.4 (d) follows the same trends 
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as that for a NMOS (Figure 4.3 (c)) but provides further information for the PMOS. 

The slightly different concentrations of the dielectrics on either side of the fin 

indicate that, closer to the contacts, the control on the layer thickness is less than 

around the fin-gate intersection, which was seen in the NMOS maps in Figure 4.3. 

4.4 Discussion 

 APT is able to provide detailed spatial (~1 nm for semiconducting 

heterojunctions) and compositional information (with approximate ppm detection 

range) for the finFETs which is not possible with STEM. In order to gain confidence 

in the APT maps, it can be seen that there are similarities between the observed 

maps. First, the Ti signals in the AlCx layer is mimicked by both techniques for 

PMOS and NMOS. Second, the N signal in the STEM maps and the TiN signals 

from the atom probe maps are useful for understanding the TiN dielectric layer, 

showing similar features. Third, Al and C signals are consistent across both 

techniques. Finally, similar distribution for the HfO2 layer is also observed using 

both techniques.  

A comparison for the thickness of the Si fin and gate dielectric stack, for 

PMOS and NMOS, by STEM and APT is provided in Table 4.1. The STEM 

thickness measurement is obtained from the maps itself while APT values are 

obtained as full width half maximum of the concentrations as a first approximation. 

The values indicate a tighter spread in the thickness using STEM as opposed to 

APT.  

 



61 
 

Table 4.1: Thickness Comparison for the Si Fin and Dielectric Stack for n-Type 
Metal-Oxide Semiconductor (NMOS) and p-Type Metal-Oxide Semiconductor 
(PMOS) Using Scanning Transmission Electron Microscopy–Energy-Dispersive X-
Ray (STEM-EDS) and Atom Probe Tomography (APT). 

 
All units are in nm. 

Although the APT can provide true 3D maps of various ionic species, some 

important shortcomings of this technique are worth mentioning here, specifically 

with regard to how the contrast (thickness) of different layers can be affected by 

the instrument itself. The APT uses a mass to charge ratio for identification of 

chemical species which leads to the issue of overlaps for similar mass to charge 

ratios for different chemical species (e.g., Ti3+ and O2+). Thus, care needs to be 

taken to ensure that the influence of these overlaps on the interpretation is ruled 

out. The presence of isotopic abundance and physical regions in the maps are 

often used to rule out most overlap issues. The field evaporation of ions can also 

cause significant trajectory aberrations for dissimilar elements, which is severe for 

regular top-down sample preparation in APT146,148–151. Further, since the field 

evaporation process is not uniform due to changes in local electrostatic 

environment during the evaporation process, the results should be interpreted with 



62 
 

caution as the reconstruction algorithms are based on simple hemispherical 

models152. Therefore, trajectory aberrations due to field evaporation of dissimilar 

species and spectral overlaps are most likely causing the differences in thickness 

between STEM-EDS and APT. This brings into focus the role of correlative 

microscopy used here, whereby two complementary techniques can provide 

unique information as well as allow greater reliability by supporting the claims 

based on the other technique.  

Such studies, as the one carried out in this paper, are imperative since with 

each technology node, device to device variability during fabrication can be 

expected to go up due to the small device size. The tolerance in fin width has been 

calculated to about 1 nm for industry acceptable variability in electrical parameters 

for 20 nm finFETs and a tolerance of 10–15% for variations in gate length153. 

Further, diffusion of dopants into the Si channel can cause large changes in the 

electronic density, known as random density fluctuations; these are an important 

part of current experimental and computational studies127–130. A failed device could 

hence differ from a working device based on small structural or concentration 

fluctuations. Thorough analyses call for techniques such as APT and STEM, which 

can observe the structural and compositional variability and correlate it to the 

device performance. 

4.5 Summary 

In conclusion, the chemical and spatial distribution of finFETs were studied 

using correlative microscopy by employing APT and STEM. Although STEM is able 
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to provide 2D chemical maps on the fins and dielectrics, its inability to probe low Z 

dopant atoms or present any 3D maps motivated the use of APT to further our 

understanding of PMOS and NMOS devices. The APT maps showed the 3D views 

of the dielectric layers with similarities between both techniques. The TiN signals 

provide additional information for the finFETs apart from N in the STEM. The 

thickness measurements show the efficacy of each of these techniques. Although 

STEM-EDS will ultimately reach its limits due to device scaling and low signal 

sensitivity in the EDS, the APT with ppm sensitivity and nanoscale spatial 

resolution will be poised to continue investigations on each new generation of 

finFETs and other non-Si technologies. In addition, continuous semiconductor 

process scaling down to 10 and 7 nm aligns well with the APT sample volume, 

allowing for increased portions of the finFET structure to be analyzed as the 

transistor geometry scales down. Correlative microscopy will also be important to 

enhance the reliability in APT results while simultaneously being used for 

advanced characterization of finFETs. The introduction of 3D integrated circuits 

and flash memory, such as the VNAND flash technology by Samsung® (Seoul, 

South Korea), make APT particularly suitable for future applications that require 

3D chemical maps. 
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Chapter 5 : Compositional quantification of high nickel content NCA and 

NMC battery oxides using Atom Probe Tomography 

5.1 Introduction 

 The shift from gasoline powered to electric vehicles has seen a steady rise 

over the past few years. With a projected increase in sales of twice as many electric 

vehicles154, the development of battery packs that can provide over 300 miles of 

driving range on a single charge is needed. To achieve this target both automakers 

and DOE have set aggressive goals for high gravimetric energy density (Wh/kg) 

for cell chemistry in Li-ion batteries. Increasing the specific capacity (mAh/g) of 

cathodes, is one such strategy that can reach this goal.  

 The specific capacity is dependent on the materials composition, with higher 

Ni content giving higher capacity, at a reasonable cost, as compared to Co. Hence 

the development of NMC (LiNixCoyMnzO2) and NCA (LiNixCoyAlzO2) cathodes 

where, x0.8 and z0.1 for Mn and 0.05 for Al have taken the forefront in industrial 

applications. Unlike LiNiO2 (LNO) where the low thermal stability, high Li-Ni 

intermixing (which disrupts Li transport channels) and the relative difficulty to form 

phase pure LNO (due to similar ionic radii for Li and Ni) have prevented its early 

adoption, Co provides greater structural stability and rate capability, Mn provides 

cost benefit and covers safety aspects while Al (acting as an electrochemical 

inactive species), provides greater gravimetric energy density due to its low 

molecular weight. The presence of Mn/Co or Al/Co also make the pure phase 
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synthesis straightforward. This has led to both NCA (with x=0.8) and NMC (with 

0.3<x0.6) electrodes being commercialized3,5,53.  

 However, NCA and NMC (specifically NMC811- LiNi0.8Co0.1Mn0.1O2) still 

suffer from a host of different issues [a] gas evolution and increase in internal 

pressure due to continuous side reactions with the SEI, [b] formation of 

electrochemically inactive surface disordered phase, that inhibit Li transport and 

[c] formation of micro-cracks53,155. While a clear understanding of some of these 

issues exist by studying Ni and Co, the role of Al in the structural stability is still 

missing. Hwang et al. observed surface changes in LiNi0.8Co0.15Al0.5O2 using high 

resolution transmission electron microscopy (HRTEM) and electron energy loss 

spectroscopy (EELS)59. Their results showed the transition from a layered 

structure in the bulk to the formation of a spinel phase on the surface, and 

ultimately a rocksalt phase by probing the O K-edge. Sallis et al. also confirmed 

that the surface rocksalt phase is NiO based on selective area electron diffraction 

(SAED) patterns and X-ray absorption (XAS) studies156. To add to this 

understanding, Zhang et al. proposed a mechanism for the transformation from 

layered to spinel structure, using TEM diffraction patterns at different state of 

charge (voltage)157.  

 To this end, the ability to observe Al distributions have been more elusive 

due to its low stoichiometric content (1.25% in conventional NCA cathodes). 

Various analysis techniques such as TEM and secondary ion mass spectrometry 

(SIMS) donot provide the required spatial and chemical resolution to analyze light 
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(low atomic number) elements. Moreover strategies to mitigate the above 

observed issues in advanced cathodes (for obtaining higher specific capacities and 

improved rate capability) include nanoscale coatings (both through wet chemistry60 

and atomic layer deposition (ALD)158), graded compositions from the surface to 

bulk61 (to form a Al or Co rich surface for better stability and Ni rich center for high 

energy density), core shells structures with a Ni rich core and a Ni deficient shell159 

and doping/substitution at concentrations below 1%160. These complex cathode 

compositions would also become increasing more difficult to analyze with 

conventional 2D based analysis techniques.  

 Hence the need for a technique that can provide a nanoscale spatial 

analysis of different elements in a battery cathode in three dimensions (3D) with 

ppm concentration sensitivity, is now warranted. 3D information can provide 

answers into the compositional changes (if any) during cycling and the nature of 

compositional heterogeneity/homogeneity in pristine electrode materials. Such 

compositional analysis can directly affect electronic properties at the bulk scale 

and give a better understanding of battery performance. 

 Atom probe tomography (APT) is one such technique that can provide both 

the required spatial and chemical resolution needed to analyze battery cathodes 

currently and continue to do so for complex chemistries being developed. 

However, for battery cathodes, any technique used should also be able to provide 

accurate estimate of the stoichiometry. This is important since repeated cycling 

can lead to small changes in the oxidation state and stoichiometry, which are 
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indications of material stress, degradation and ultimately material failure. With APT 

being a new technique, and the possibility of tuning various parameters (such as 

detection rate, pulse rate, base temperature and laser energy), the close 

interaction between battery cathodes and APT parameters is a necessary study. 

But more importantly, Devaraj et al.114 also demonstrated that an oxide 

stoichiometry can be severely affected by changing the laser energy with oxygen 

content diminishing at higher laser energies and preferential evaporation of Mg in 

a pure MgO system.  

 To this end, studies on battery cathodes using APT have been limited. Both 

Diercks et al.107 and Schmitz et al.161 have carried out correlative study of lithium 

cobalt oxide using TEM and APT to observe changes in the composition as 

function of cycling but with different net compositions on the pristine films. 

Following this, Devaraj et al. also investigated Li1.2Ni0.2Mn0.6O2, a lithium excess 

cathode110, as a function of cycling with close to accurate composition for the 

transition metals. Maier et al.108, and Pfeiffer et al.162 have also investigated 

LiMn2O4 with atomic compositions varying widely from the ideal stoichiometry. A 

correlative study by Mohanty et al.111 on  Li1.2Mn0.55Ni0.15Co0.1O2 to study the 

degradation mechanism also was able to get good compositional accuracy for Ni 

and Mn but not for Co. Very recently, Vissers et al.109 also studied the composition 

of a 5V spinel to show differences in the surface to bulk chemical composition 

using APT. A table comparing the atomic composition (as a percentage of the 

stoichiometric values) is shown in Appendix B Table B.1.  



69 
 

 While all these studies have been carried out for mechanistic understanding 

of batteries, the deviation in the stoichiometry from expected ideal values, make 

the results qualitative at best. For a quantitative understanding, a systematic 

parametric investigation of the effect of laser energy on the battery cathode 

composition is needed. Through our work, we have elucidated this relation 

between the laser energy and cathode composition using pristine NCA- 

LiNi0.8Co0.15Al0.05O2 as our model system and comparing it with NMC- 

LiNi0.8Co0.1Mn0.1O2. Our studies show that there is a stark difference in the 

composition accuracy with laser energy, in the presence or absence of Al (NCA 

versus NMC). Our initial studies on NCA have helped to [a] understand how the 

light-matter (laser energy with cathode oxide) interactions differ in systems with 

elements that have different evaporation fields , [b] why other studies in literature 

at different laser energies could obtain close to accurate compositions just for the 

transition metals and [c] suitable conditions for more accurate analysis of current 

and future battery cathodes. Through our work we have helped to push the barriers 

of APT from a qualitative analysis technique towards a quantitative one, which can 

greatly benefit the battery community at large.  

5.2 Methods 

Specimen tip preparation using Dualbeam: In order to prepare APT 

specimen tips, pristine NCA (obtained from Toda and stored in an Ar filled 

glovebox) with secondary particles having a size of ~5-10 µm are dispersed onto 

a small (~ 5mm by 5mm) piece of Si wafer with a native oxide layer, using a spatula 
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in ambient. The as dispersed particles are then lightly crushed using a clean glass 

slide to break the secondary particles into individual primary particles. The 

individual secondary particles are shown in Figure 5.1 (a) and the primary particles 

in Figure 5.1 (c). This process is carried out since specifically for NCA, 

conventional liftout procedures, on secondary particles (tested early on) did not 

survive the APT acquisition process under high base voltage. This was possibly 

due to the poor physical contact between the primary particles, that led to spurious 

evaporation events in the voltage profile. Such events were not observed once 

primary particles were used for the analysis.   

The prepared samples were then immediately loaded into the main 

chamber of a Helios FIB at the Environmental Molecular Sciences Laboratory at 

Pacific Northwest National Laboratory (PNNL), Richland, WA, USA or into the 

Scios at the San Diego Nanotechnology Infrastructure (SDNI) of UC, San Diego. 

A micromanipulator was used to individually pick the primary particles, that are 

sized between 300-500 nm through electrostatic forces between the 

micromanipulator and the particle. The particles are also placed on Si microtip 

arrays similarly due to the electrostatic forces (Figure 5.1 (d, e)). After the pick and 

place, each particle was coated with an e-beam Pt layer ~200 nm thick followed 

by an ion beam Pt layer between 500-700 nm. The diameter of the circular pattern 

used for the Pt deposition is larger than the particle dimensions to ensure that the 

particle is encased in Pt.  NCA is particularly difficult to mill under ion beam hence 
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a total thicker Pt layer is used. The particle with the deposited Pt layer is shown in 

Figure 5.1 (f).  

Following this, critically the annular milling step is carried out at an 

accelerating voltage of 30kV and ~0.23 nA beam current, until an apex diameter 

of 800 nm at the sample is reached, following which ~46 pA beam is current is 

used until the diameter is 200 nm. The annular milling and final tip sharpening 

was always carried out at PNNL. This step is tricky for such a particle pick and 

place since the center of the particle is lost during the Pt deposition step. Hence 

using previously saved SEM images, of the particles on the microtip array before 

any Pt deposition and secondary electron image contrast between NCA and Pt (as 

seen in Figure 5.1 (i)) is used to target the specimen tip such that the sample (NCA) 

is within the final tip shape and not deposited Pt.  

During the annular milling process also, any holes or gaps in the particles 

are filled with Pt to allow better tip survivability. This is carried out both on the front 

and back side of the particle, hence the tips are rotated 180 during the annular 

milling process, at least 2-3 times before the final tip sharpening at 2 kV 

accelerating voltage and a beam current of ~35-47 pA. The annular milling process 

and the final tip sharpening are seen in Figure 5.1 (g-j).   

The specimen tip preparation for NMC811 (obtained from EcoPro®) carried 

out under the same conditions as NCA, with the observation that the milling 

characteristics of NMC are faster than NCA. A conventional liftout was used here 

due to the much smaller size of the primary particles making analysis difficult and 
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higher tip survivability as opposed to NCA. (SEM images for NMC811are shown 

in Appendix B Figure B.1). 

APT acquisition and analysis: The prepared specimen tips were loaded into 

the LEAP 4000 XHR at the Environmental Molecular Sciences Laboratory at 

Pacific Northwest National Laboratory, Richland, WA, USA. The data acquisition 

was carried out at a base temperature of 40 K and laser energy between 0.5-20 

pJ (and 1-40 pJ for NMC811) with a pulse repetition rate of 125 kHz. A detection 

rate of 0.005 ions/pulse is used. The obtained data was reconstructed using the 

IVAS software with a tip image-based reconstruction. Details of the number of ions 

collected per run and the output of the corrections are all shown in Appendix B 

Table B.2. 

Electrode processing and coin cell fabrication: For the initial specific 

capacity testing, the NCA cathodes were prepared using a manual mixing process 

in a mortar and pestle, where 0.25 g of cathode, and 0.0625 g of carbon black and 

PVDF binder, each are used. The mixing is carried out for ~40 minutes till the 

powders form a uniform homogenous color, with care to ensure that excessive 

force is not used during the mixing process. Following this, the prepared mixture 

is transferred to an Ar filled glovebox where N-Methyl-2-pyrrolidone (NMP) solvent 

is added to the mixture followed by a second mixing step for ~ 5min before the 

slurry is brought into ambient. The slurry is cast on a 9 µm thick Al foil and dried to 

obtain the electrodes. The prepared electrodes are assembled in an Ar filled 

glovebox in a 2016 cell configuration versus Li metal.  
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Galvanostatic testing: Electrochemical testing is carried out for NCA at a C 

rate of C/3 for both charge and discharge upto 4.8 V. The first cycle voltage profile 

is shown in Figure 5.1 (b), with a discharge capacity of 199.2 mAh/g as expected. 

5.3 Results and Discussion 

 Before any APT analysis, specimen tip preparation is carried out using the 

Dualbeam/FIB instruments. The processing conditions for each material is usually 

different, hence an initial optimization was carried out for the suitable imaging, Pt 

deposition and annular milling conditions for NCA. Based on the optimized 

conditions for accelerating voltage and beam current, the specimen tips to be 

analyzed at different laser energies were prepared. More details about the 

challenges involved during the sample preparation and the conditions used are 

provided in the Methods Section. The general workflow used for specimen tip 

preparation is shown in Figure 5.1 (c-j). At the same time, to ensure that the NCA 

particles, were of good quality, the electrochemical performance of NCA was 

carried out using previously optimized slurry preparation and coin cell fabrication 

protocols. The electrochemical cycling results show the presence of a single-phase 

solid solution reaction as expected with a discharge capacity of 199.2 mAh/g, 

which shows that the cathode particles have not degraded prior to APT tip 

preparation and analysis. Additional cycling data is shown in Appendix B Figure 

B.2). 



74 
 

 
Figure 5.1: SEM images showing the pristine NCA secondary particle (a), the first 
cycle voltage profile (b) and the steps involved in the APT specimen tip preparation 
right from the primary particles dispersed on a silicon wafer (c) to the final tip 
sharpening (j).  

Based on the success with the tip preparation and confirming the basic 

electrochemistry, the parametric investigation at different laser energies was 

carried out. Figure 5.2 (a, b) shows the atom probe maps for each of the elements 
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for NCA acquired at a laser energy of 1 pJ. The maps show a homogenous 

distribution in the pristine state indicating no spurious evaporation. Moreover, the 

mass spectrum is characteristic in its features for different elements (Figure 5.2 

(c)). Understanding of these features is important for comparison with NMC811, 

which is carried out later on. With correct specimen tip preparation, Li (6 and 7 Da) 

is seen from the onset of evaporation and no Pt (100-110 Da) or carbon (6 and 12 

Da corresponding to C2+ and C+) is seen in the mas spectrum analysis. Moreover, 

the evaporation of Li is exclusively seen as elemental Li, while with Al, Ni and Co 

the evaporation occurs more so as oxide species. 

For Al, which exists as Al3+, elemental evaporation of 1+, 2+ and 3+ 

charging states are all seen. While for Ni and Co, which also exist as Ni3+ and Co3+, 

only the 2+ and 1+ oxidation states are seen both for elemental Ni and Co and NiO 

and CoO oxide species. Very rarely, are NiO2 or CoO2 are also seen. Ga occurring 

from the annular milling process is also seen (as Ga+ and Ga2+), but at atomic 

concentrations below 5% and usually restricted to the surface.  

Based on the mass spectrum analysis obtained from the first sample, the 

next set of samples were analyzed according to ensure the presence of 

abovementioned species in each case so that each acquired dataset could be 

correctly identified as NCA. The presence of Li was always taken as a signature 

of battery cathode. Following the mass spectrum analysis, the atomic composition 

of each of the elements was obtained from the IVAS software by decomposing 

each peak into its original elements and accounting for background correction. 
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Laser energies of 0.5, 1, 2, 3, 4, 5, 10 and 20 pJ with 3 specimens tips at 0.5 pJ, 

2 at 1pJ and 1 tip each from 2-20 pJ were analyzed for NCA samples (For 

NMC811, 1, 5, 10, 20 and 40 pJ were used was the testing conditions based on 

the analysis for the NCA particles). The atomic composition for each element is 

calculated as a ratio of its share in the total stoichiometry (Li atomic % is 25% since 

there is 1 Li in a total of (1+0.8+0.015+0.05+2) 4 atoms in the compound) and 

compared with that obtained directly from APT analysis, as shown in Figure 5.2 (d, 

e).  Separate plots are generated for Al and Co since their low atomic % prevents 

easy viewing of the changes in the stoichiometry when clubbed into one plot.  
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Figure 5.2: Representative atom probe maps (a, b) and mass spectrum analysis 
(c) for pristine NCA cathode at a laser energy of 1 pJ. (d) and (e) show the 
parametric investigation of the atomic composition (indicative of the stoichiometry) 
as a function of laser energy in APT. 

 The analysis shows interesting trends. First, there is a cross over from being 

over the ideal composition to under the ideal composition as the laser energy is 

increased for Li, Ni and O. The crossover here for NCA occurs between 0.5 – 5 pJ 

but at different laser energies for Li (~5 pJ) versus Ni and O (~1 pJ). This trend is 
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also seen for NMC811 for the same elements (Li, Ni and O) at the same laser 

energies, indicative of a phenomena that is unique to battery cathodes. Since cross 

over occurred within 0.5-5 pJ, this energy range was more closely investigated. 

Second, the composition for Li, O and Co are as close to ideal as possible when 

the laser energy is either 2 or 4 pJ and a wide range (2-5 pJ) where Ni composition 

is ideal. The composition for these elements also reaches back to ideal at 20 pJ. 

This agrees with reports seen in literature which are usually acquired at 0.5, 1 or 

20 pJ where the transition metal compositions are close to accurate specifically for 

Ni, Co and Mn (NMC based compounds which have been analyzed). Our NMC811 

results (shown later in Figure 5.3 (c, d)), also show this same trend, thus providing 

greater reliability to our results. However, lastly for Al this trend is different, with 

the composition steadily decreasing with increasing laser energy and 0.5 and 5 pJ 

giving ideal composition and the range in between deviating by 1-2% from the 

ideal.  

 While the compositional analysis at different laser energies for all the 

elements provides a complete picture, within the battery community and separately 

the atom probe community, Ni/Co ratios and quantification without oxygen, 

respectively, are seen as more useful analysis parameters. Ni/Co ratios are 

indicative of changes in the layered structure and deviations from ideal could mean 

the formation of surface species. Since oxide quantification at different laser 

energies is known to decrease with increasing laser energy, occurring from the 

movement of negatively charged O-  species towards the base of the tip, the 



79 
 

proposed method is to remove O from the quantification and see if the other 

elements are close to ideal observed. In this respect, Figure 5.4 (a,b), shows the 

compositional quantification without oxygen and (c) shows the Ni/Co ratio for the 

samples analyzed. The trends in the absence of O though are similar to the ones 

seen in Figure 5.2 (d, e) but amplified in the ability to see the deviation from ideal. 

The better Al quantification at low laser energy is clearly seen in Figure 5.4 (a).  

 

Figure 5.3: Comparison of the APT maps (a), mass spectrum (b) and 
compositional accuracy at different laser energies (c, d) of NMC811 with NCA 
(shown in Figure 5.2).  
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 As with the Ni/Co ratio, the ratios obtained deviate by ~20% from ideal 

values (Figure 5.4 c)), primarily from the large variations in the Co composition 

seen in Figure 5.2 (e). The result shown here are individually for each tip analyzed. 

Moreover, the effect of different detection rates is briefly investigated, with 2 

different specimen tips, one with a 0.3 % (0.003 ions per pulse) run at 20 pJ and 

the other with 0.4% (0.004 ions per pulse) run at 5 pJ. Both these showed a Ni/Co 

ratio much lower than the tip analyzed at 0.5% (0.005 ions per pulse), indicating 

that the detection rate used for this work is ideal for NCA analysis.  However, very 

high detection rates (~1%) was seen to lead to uneven and sporadic evaporation 

and increased chances of fracture rates during APT data acquisition.    

 Following the analysis for NCA and observing the different compositional 

quantification due to the laser energy, a comparison with NMC811 was carried out 

next. Based on previous literature reports on transition metal-based battery oxides, 

the laser energies investigated were 0.5, 5, 10, 20 and 40 pJ. The initial APT maps 

obtained for NMC811 also showed a uniform composition (Figure 5.3 (a)) and 

characteristic features in the mass spectrum analysis, as seen in Figure 5.3 (b). 

While most of the spectral features remain the same, indicating that the 

evaporation proceeds in a similar fashion across different compounds, of mention 

is the presence of higher oxidation states oxide of Mn, Ni and Co in presence of 

Mn as opposed to Al in the system. Moreover, the trend observed here for the laser 

energy (lesser points were investigated here to get an ideal of the general trend), 

is different from that seen for with NCA. At 40 pJ, the composition for Ni and Li 
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both start to deviate from ideal and Mn and Co tending towards the same, 

indicating that higher laser energies would be detrimental for obtaining the 

expected ideal composition. However, with the exception of O (which is off by 5%), 

at 20 pJ, the composition obtained is close to ideal.  

Figure 5.4: Compositional quantification for NCA (without oxygen) seen in (a) for 
Al and Co and (b) for Li and Ni. Comparison of the Ni/Co ratio and effect of 
detection rate on the ratio at different laser for each sample is shown in (c). (d), (e) 
and (f) show the same comparison for NMC811. 

Further an analysis of Ni/Co ratio here for different laser energies also 

converges close to the ideal value for 20 pJ (Figure 5.4 (f)). Based on our results, 

the evaporation behavior is highly dependent on the interaction of the laser energy 

with the complex mix of elements having varying evaporation field. Li has a low 

evaporation field leading to an underestimation of the composition at very low laser 

energies (<5 pJ) but also an overestimate over 20 pJ where preferential 

evaporation is highly likely to happen. This is seen both for NCA and NMC, and 
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agrees with the understanding of how Li as a metallic species would evaporate, 

which is what occurs here due to elemental Li evaporation seen in the mass 

spectrum (Figure 5.2 (b) and Figure 5.3 (b)). For all the other elements, the trends 

are counterintuitive, since the evaporation energies of the oxide species need to 

be considered too, which is tricky to estimate in itself. It seems that the evaporation 

of these species is governed by the individual field energy of elemental species 

and the oxide species, giving rise to a more complex behavior. With Ni and Co 

having higher evaporation fields (35-42 V/nm), Mn which comes in close at 30 

V/nm can provide ideal conditions a 20 pJ for all the elements to meet 

stoichiometry. However, with Al at ~15 V/nm, a compromise has to be made, where 

lower energies (0.5-5 pJ) are suitable for Al analysis and higher laser energies (20 

pJ) for Ni and Co analysis. Our study also explains how other reports in literature 

which were analyzed at particular laser energies were either completely off in their 

quantitative compositions or could be accurate for the transition metals. Moreover, 

none of the aforementioned studies have explored the parametric investigation in 

presence of Al, such as NCA, where a careful quantitative analysis will be more 

challenging. 

5.4 Conclusion 

In conclusion, a parametric investigation of the effect of laser energy on the 

quantitative composition of pristine NCA cathodes was carried out. The analysis 

indicated that the presence of Al, a low evaporation field element with Ni and Co 

(high evaporation field elements) leads to a complex behavior where all three 
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elements donot reach ideal stoichiometry at one particular laser energy. Al 

composition is better quantified at lower laser energies and Ni and Co better at 

higher laser energies. On comparison with NMC811, where Al is replaced with Mn, 

20 pJ of laser energy provides accurate composition. The reasons for this behavior 

based on the interplay between the evaporation field of both the elemental and 

oxide species is discussed and how the analysis pertains to more relevant 

parameters for the community such as Ni/Co, Ni/Mn ratio. Through our work, we 

have provided very clear directions on how future analysis of both NMC and NCA 

can be carried, specially before and after cycling to get more quantitative results 

from APT.  
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Chapter 6 : Direct observation of Li during first cycle lithiation of silicon 

anodes  

6.1 Introduction 

 Li-ion batteries are at the center of the next energy revolution, with intensive 

efforts on materials chemistry development, lifetime diagnosis, novel electrode 

processing and production line manufacturing occurring all over the world. At the 

electrode level, while the cathode has seen great improvements with the 

introduction of both NMC and NCA2,5, graphite has and continues to be the anode 

of choice. The introduction of alloy anodes, that have high specific capacities and 

high gravimetric energy densities3,4,6, can now lead to improvements in anode 

chemistries, with silicon that can compete with graphite on cost. An 

environmentally benign nature (at micro-scale), low operating potentials versus Li 

and compatibility with current slurry processing techniques are other advantages 

that make it an attractive choice62.  

 However, the large volume expansion that plagues all alloy anodes 

including silicon, creates issues at the electrode level that causes rapid capacity 

fade. These issues, such as electrical isolation of the electrode, particle 

pulverization due to the mechanical stress and continuous consumption of 

electrolyte forming a thicker SEI-solid electrolyte interphase (hindering Li 

transport), are all a result of lithiation of the silicon particles81.  

 While multiple mitigative strategies exist at the electrode level such as 

tailoring of the binder through supramolecular chemistry65,66, use of intermetallic 
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matrices163, thin film based anodes75, formation of silicon-carbon composites69,70, 

tailoring the silicon shape, size and morphology62,72,74 and also restricting the 

operating potentials, the crux of the issue still pertains to volume expansion and 

subsequent contraction.  

 In this respect, various reports have tried to better understand this lithiation 

process. Gu et al.77 observed the in-situ lithiation of silicon anodes both during 

charge and discharge by embedding nanoparticles onto a carbon fiber. Using 

transmission electron microscopy (TEM), they were able to observe the formation 

of a distinct interface between silicon and lithiated silicon during first charge and 

subsequent formation of porous silicon right after discharge, possibly indicative of 

Li clusters. McDowell et al.78 expanded on this understanding by carrying out the 

in-situ TEM study on hydrogenated amorphous silicon nanoparticles (on a silicon 

nanopillar), where a two-phase reaction mechanism was proposed for lithiation 

similar to crystalline silicon. Amorphous silicon does not undergo pulverization until 

~870 nm unlike crystalline silicon that can pulverize above ~ 160nm.  

 Liu et al.164 also used in-situ TEM and theoretical calculations to measure 

the kinetics of lithiation in silicon nanowires. They proposed a self-limiting 

mechanism that would prevent further lithiation of the crystalline core due to the 

stress from the lithiated phase ultimately slowing down the lithiation rate. 

Seidlhofer et al.165 studied the lithiation in silicon thin films using operando neutron 

reflectivity to observe the formation of a surface Li rich region (Li2.5Si) and a deeper 

growth region with lower Li content (Li1.1Si) compared to the surface. Radvanyi et 
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al.166 also provided a similar composition content of Li3.1Si, in the lithiated shell of 

microsilicon particles. To this end, Shen et al.79, also observed the lithiation 

behavior in porous silicon showing a larger fracture diameter of ~1.52 µm than 

previously reported of 160 nm in nanoparticles. Liu et al.80 also observed 

anisotropic volume expansion in silicon nanowires and peeling mechanism at the 

atomic scale in (111) direction for the formation of LixSi167.  

 All these studies, explored how the lithiation happens with different silicon 

morphologies, proposing uniform lithiation layers with single composition and 

sharp interfaces where the lithium content drops off rapidly in nano and micrometer 

sized particles. However, right at the interface, the amorphous nature of LixSi 

prevents any additional analysis of the lithium distribution (being investigated using 

TEM) and the depth resolution provided by Auger electron spectroscopy is in tens 

of nms at best. Understanding this interface is critical since it determines the onset 

of the strain that is responsible for the effects observed at the macroscale.  

 Moreover, observing Li in itself is a daunting challenge, with only recently, 

successful measurements carried out using cryo-FIB and cryo-TEM on lithium 

metal anodes168. To study lithiated silicon anodes though at the nanoscale, we 

devised the use of atom probe tomography (APT), that can directly observe Li. 

Moreover, the presence of silicon and LixSi, an alloy would make APT data 

acquisition relatively straightforward as compared to the more complex oxide 

analysis. Using an environmental transfer chamber, we ensure no air exposure 

between the glovebox to FIB to APT instruments. Through our analysis on the 
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lithiated silicon, [1] at the onset of lithiation, [2] full lithiation upto 50 mV and [3] In 

the delithiated state, we provide a comprehensive understanding of the Li 

distribution in each case and a robust method to analyze lithiated systems using 

APT.  

6.2 Methods 

 Electrode processing: Silicon anodes were prepared using powder with an 

average size of 1-5 µm obtained from Alfa Aesar. The electrode composition is 50 

wt% silicon, 25 wt% of super P carbon (obtained from MTI Corp) and 25 wt% of a 

composite binder with equal wt% of PAA and CMC. The stock solution of 3.2 wt % 

of CMC-Na (sodium carboxymethyl cellulose, Mw 250 000, Sigma-Aldrich) 

dissolved overnight in deionized (DI) water and 10 wt% for PAA (Mv of 450,000 Da 

and obtained from Sigma Aldrich) was used.  A Si:C composite was first prepared 

by mixing 0.504 g of Si and 0.252 g of Super P carbon in a glovebox and milled 

(outside the glovebox) at 300 rpm for 46 minutes with a 15 min rest period. The 

binder solution (dissolved in deionized water) was added next to the Si:C 

composite, in this case both the CMC and PAA solutions one after another. 

 This was followed by a second mixing step in a Thinky mixer through a 

multi-step process starting at 500 rpm for 1 minute, then 1000 rpm for another 

minute and finally at 1800 rpm for another 9 minutes. Each step contained a minute 

of rest in between to allow cooling of the slurry.  

 The obtained slurry was coated on a copper foil by using a doctor blade and 

the as prepared electrode was dried at 80 C overnight under a vacuum to 
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completely remove residual water in the electrode. Following this another heating 

step at 160C was carried out for 2 hours to copolymerize the CMC-PAA into one 

branched polymer network. This step was based on a modified protocol based on 

the work on nanoparticles of silicon by Koo et al169. 

 Test samples for optimizing the entire process from electrode processing to 

APT analysis were first carried out on electrodes with only the PAA binder at 6 wt% 

stock solution maintaining the loading and without the additional heating step at 

160C. These electrodes did not undergo the composite processing step for Si:C 

in the ball mill as mentioned for the CMC-PAA since the ball milled samples did 

not give reproducible electrochemistry at silicon anode loadings of 1 mg/cm2. 

 Coin cell fabrication: The electrode sheet was cut into a disk and used for 

the battery tests. The mass of the Si active material on the electrode was ~1 

mg/cm2, which is equivalent to ~2.5 mAh/cm2. This electrode was assembled in a 

2032 coin cell using a polymer separator (C480, Celgard Inc., USA). A carbonate 

based electrolyte of equal weights of ethylene carbonate and diethylene carbonate 

(EC:DEC) with 10 wt% of fluoroethylene carbonate (FEC) as an additive was used. 

The electrolyte was obtained from Gotion and used as is. Battery-grade lithium 

metal was chosen as the counter electrode. Coin cells were assembled in a 

glovebox purged with Ar gas and maintained at a moisture level at or below 5 ppm. 

Electrochemical tests: The coin cells were assembled, and electrochemical 

performance tests were performed using an Arbin battery cycler in galvanostatic 

mode, limiting the charge and discharge potentials to 1.0 V and 0.05 V vs. the Li 
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counter electrode (note that “charge” here refers to lithium alloying into the Si 

anode or lithiation). The open circuit voltage of the coin cells was monitored for 24 

hours (10 hours for samples with PAA binder) to allow the electrolyte to completely 

wet the electrode and then the cells were charged and discharged at a C-rate of 

C/20 for the formation cycle and C/10 for subsequent cycles (only for cells 

monitored for their electrochemical cycling retention). For the initial lithiation study, 

a C-rate of C/20 was used. The percent capacity retention was calculated with 

respect to the first discharge capacity. All electrochemical measurements were 

carried out at room temperature in ambient. 

 Sample transfer protocols: Prepared coin cells were then disassembled 

using a de-crimping die and washed with 150 µl of dimethyl carbonate (DMC) and 

dried in an the Ar glovebox. The dried disks were then cut into smaller pieces that 

could fit into a regular sized SEM stub with the microtip array attached on it (Refer 

to Appendix C Figure C.1). This limitation was based on the maximum stub size 

that could fit into the environmental transfer rod used for air-free transfer to the 

load lock of the Scios Dualbeam/focused ion beam (FIB) instrument at the San 

Diego Nanotechnology Infrastructure (SDNI) of UC, San Diego. Care was taken to 

ensure that the carbon tape used for this initial transfer and sample preparation 

process was devoid of any moisture, by drying it at 50C in a drying oven for 24 

hours, a half hour vacuum drying in the glovebox antechamber and an additional 

storage of 24 hours in an Ar filled glovebox before being used. Residual moisture 

from the tape was found to significantly affect the surface morphology (as seen in 
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Appendix C Figure C.1. From the 4 set of samples, (a) test samples (with PAA 

binder only) lithiated to 50 mV, (b) CMC-PAA samples lithiated to 0.1 V (onset of 

lithiation), (c) CMC-PAA samples lithiated to 50 mV (fully lithiated state) and (d) 

CMC-PAA samples lithiated to 50 mV and delithiated to 1V; individual silicon 

particles for samples (a) and (c) were picked up and placed onto microtip arrays 

at UCSD and the (b) and (d) at PNNL itself in the same manner. The pick and 

place here was directly from the electrode itself using the micromanipulator, as 

shown in Figure 6.2 (d-f).  

 APT specimen tip preparation using cryo FIB: The prepared samples, once 

placed onto microtip arrays, were then coated with electron beam and ion beam 

Pt to ensure that a good seal before being transported to PNNL. Care was taken 

to ensure minimal exposure of the sample to electron and ion beam due to the 

sensitive nature of the sample. Following this, the samples on a microtip array, 

attached on an SEM stub were brought back into the glovebox. The microtip array 

was carefully detached from the stub and attached onto a Cu clip which could then 

be loaded back into the Quanta FIB at the Environmental Molecular Sciences 

Laboratory at PNNL, for further processing and then directly into the APT using an 

air-free transfer shuttle developed in-house at PNNL.  

 For annular milling, the FIB was cooled down to liquid nitrogen temperatures 

and the milling and tip sharpening process carried out then to prevent any Li 

diffusion. Importantly, this annular milling process was carried out with the microtip 

held by a Cu clip instead of carbon tape on the SEM stub, since the carbon 
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adhesive was seen to become brittle at cryo temperatures (Appendix C Figure C.2 

(c)). Also, the milling process at room temperature did not create any change in 

morphology of the specimen, unlike that seen with Li metal itself (also shown in 

Appendix C Figure C.2 (a, b)), however cryo-milling ensured that any concerns 

with damage to Li if at all could be alleviated.  

 APT data acquisition and analysis: Right after the tip sharpening process, 

the prepared tip specimens were transferred into the APT system using the 

environmental transfer shuttle and through specifically designed high vacuum 

(<10-7 mbar) chamber directly in the buffer of a LEAP 4000 XHR at the 

Environmental Molecular Sciences Laboratory at Pacific Northwest National 

Laboratory, Richland, WA, USA. The data acquisition was carried out at a base 

temperature of 40 K and laser energy of 20 pJ for final analysis, with a pulse 

repetition rate of 125 kHz. The obtained data was reconstructed using the IVAS 

software with a tip image-based reconstruction. 

6.3 Results and discussions 

 In order to understand the lithiation mechanisms, the electrochemical 

performance of the silicon anodes needs to be investigated first. The first cycle 

charge and discharge voltage profile is shown in Figure 6.1 ((a) for the test sample 

and (b-d) for the analyzed samples). Micrometer sized silicon is taken as the 

morphology of choice since the nanosized particles (~50 nm) are difficult to 

prepare into specimen tips using the pick and place method in FIB. The anodes 

give a practical reversible (discharge) capacity of 2529 mAh/g and a coulombic 
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efficiency (CE) of 83% which is similar to the specific capacities obtained in 

literature72. However, the capacity retention is poor due to pulverization of the 

particles associated with the mechanical stress due to volume expansion and 

contraction (Appendix C Figure C.3). With the primary focus here on understanding 

the lithiation mechanism, which is independent of the type of binder chemistry (as 

seen through the comparison between the first cycle voltage profiles in Figure 6.1 

(a) versus (d)), efforts on improving the capacity retention have not been 

investigated. However, the obtained specific capacity in the first cycle indicates 

that the processing and the galvanostatic testing conditions used are optimal and 

donot affect the interpretation of the results in any way. Another point to note is 

that the half-cells are allowed to equilibrate before disassembly providing for a 

realistic ex-situ analysis of the lithium distribution.  

 

Figure 6.1: Voltage profiles and SEM images for all 4 sets of samples analyzed 
including the test sample.  
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 Based on the optimized electrochemistry, the specimen tip preparation is 

carried out next. As mentioned in the Methods section, the samples at different 

state of charge are evaluated (fully lithiated with PAA binder as test samples, with 

CMC-PAA binder (1) lithiated to 0.1 V, (2) fully lithiated to 50 mV and (3) fully 

delithiated to 1 V). Even before any nanoscale analysis is carried out, the scanning 

electron microscopy (SEM) images seen in Figure 6.1 (e-h), show differences 

within the first cycle itself. For the sample, lithiated to 0.1 V (onset of lithiation); 

Figure 6.1 (f), the clear facets of the crystalline silicon micro particles are still 

observed. On further lithiation to 50 mV, the swelling of individual particles, indicate 

of the volume expansion and formation of amorphous LixSi are seen (Figure 6.1 

(g)). At 1V, after delithiation (Figure 6.1 (h)), the formation of cracks is already seen 

showing that the initial (formation) cycle is critical in silicon anodes for long term 

cycling.  

 The specimen tip preparation is carried out as per the protocol shown in 

Figure 6.2. In brief, the disassembled electrodes, as seen in Figure 6.2 (a), are 

placed onto an SEM stub with a microtip array inside an Ar filled glovebox. The 

samples are then directly transferred into the FIB system using an environmental 

chamber that can be brought into the glovebox and is fitted to the loadlock 

chamber, and then directly transferred into the main chamber of a FIB system 

(Figure 6.2 (b, c)). The sample stage (both at UCSD and PNNL) are fitted with 

nitrogen gas lines connected to liquid nitrogen tanks that can cool the sample close 

to liquid nitrogen temperatures (~-185-150C)  The environmental transfer is an 
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important step of the process since the electrodes are highly sensitive to moisture. 

In the presence of even 50 µl deionized water on the electrode surface, rapid 

bubbling and complete washing away of the electrode is seen (evidence for this is 

provided in Appendix C Figure C.4). Another important step is the presence of 

silicon within the annular milling region for the final specimen tip preparation. To 

ensure this, on test samples energy dispersive x-ray spectroscopy (EDX) is carried 

out to identify, which contrast in the SEM corresponds to which region (Si or 

carbon). Evidence for this is shown in Appendix C Figure C.2 (a, b).  

 

Figure 6.2: Specimen tip preparation shown for the sample at the onset of lithiation 
(0.1V). (a) Disassembled electrode, (b) shows a piece of the electrode attached 
adjacent to the microtip array on a single SEM stub, (c) direct transfer to the 
loadlock of a Scios FIB, without air exposure, (d-f) shows the direct pick and place 
directly from the electrode followed by (g-i) annular milling to obtain the final tip.  
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 The APT data acquisition was carried out first on test samples, to ensure 

that evaporation of Si and Li are seen, and any optimization needed for the laser 

energy is carried out. Since the tips were essentially, Li, Si and LixSi alloy primarily, 

without any oxides in there, a change in composition with laser energy is not 

expected in there. Hence, a laser energy of 20 pJ is used.  Lower laser energies 

are not sufficient to allow evaporation until very large base DC voltages of 4-5 kV 

are reached, leading to a very small (200-300k ions) number of evaporation ions 

and not sufficient z depth for a good analysis. At higher laser energies (40 pJ and 

higher), non-uniform preferential evaporation of Li is seen. After running multiple 

samples from the test batch at 20 pJ, the actual samples at different state of charge 

were then run at the same conditions. The initial runs analyzed using the IVAS 

software showed a clear distinct interface between Li and Si indicating the prowess 

of APT for intended analysis. The concentration profile is shown in the Appendix 

C Figure C.5, where a clear interface with Li on one side and Si on the other is 

seen. However, an increase in the oxygen composition is also seen at the 

interface, and a slight increase in Ga and Pt, were concerning at first. This was 

possibly due to accidental air (moisture) exposure or reaction of the Li with the 

surface silicon oxides. But analysis of the other samples (as seen in Figure 6.3, 

showed no presence of O, Ga or Pt (less than 0.2%), when the samples were not 

fully lithiated indicating that this species were possibly from the electrolyte 

decomposition and pulverization of the silicon anode. Hence the profiles obtained 

are representative of realistic conditions in a silicon anode and not based on 
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lithiation of particles in absence of binder or electrolyte or carbon, as seen in 

previous reports.  

 

Figure 6.3: APT maps and analysis for samples at 0.1 V, onset of lithiation (a-c), 
and 1V, delithiated (d-h). At 0.1V, more than 99% of the composition is Si, and the 
top view pattern (b), shows that absence of the X-pattern characteristic of Si 
microtip, indicating the Si is from the electrode. On delithiation, Li is seen, possibly 
trapped in the silicon electrode (d) however, the Li and Ga distributions are not at 
the same spatial position (e). The Na in the mass spectrum (c, h) is from the binder.  

 For the samples analyzed at the onset of lithiation, the composition contains 

primary of Si (>99%) with no Li. The mass spectrum shows the presence of Ga 

and O but at concentrations less than 1%. This was following the same process 

used for other samples, indicating that the effect of moisture, oxygen during the 
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processing did not influence the results and the success of the protocols followed 

for an air-free transfer. Also, the evaporation of silicon from the anode as opposed 

to the base of the microtip arrays (seen from the top view of the atom probe maps, 

Figure 6.3 (b)), is verified due to the absence of an X-feature in the evaporation 

pattern, which is characteristic of the microtip array. The compositions and analysis 

obtained is seen in Figure 6.3. 

 

Figure 6.4: Atom probe maps and mass spectrum analysis for fully lithiated 
samples at 50 mV. 
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 At the fully lithiated state at 50 mV, the mass spectrum (as compared to 0.1 

V and 1 V both) is more complex with the presence of both electrolyte 

decomposition species and carbon, from the silicon-carbon composite formed 

(Figure 6.4 (c)). As seen in Figure 6.1 (g), the volume expansion and particle 

pulverization prevent uniform silicon evaporation and a host of different species 

are seen. However, as seen with the atom probe maps (Figure 6.4 (a)), clear 

regions of silicon and Li all along the depth of the reconstructed maps is seen in 

different distinct regions. The presence of the inhomogeneous composition, along 

with those for the 1V sample, indicates that the features observed, are not an 

artefact or from the APT evaporation dynamics but as a result of the sample itself.   

 Additional analysis of the obtained maps using iso-concentration surfaces 

(at Li % of 20) and proxigram maps across the interface (Figure 6.3 (g) and Figure 

6.4 (c)) clearly show how the gradual decrease in the Si concentration and 

increase in Li concentration that is more rapid away from the interface. Towards 

the end of the interface, at a distance of 6 nm from the iso-concentration surface 

(for Figure 6.4 (c)), the sharp increase in Li is accompanied by an increase in the 

P and F distributions also indicative of LiPF6 salt from the electrolyte or its 

decomposition product. However, across the entire atom probe maps and as seen 

in the composition table in Appendix C Table C.1, the total Li concentration is far 

greater than both F and P as well as O indicating that the Li seen is as a result of 

lithiation of Si and not in its entirety from any electrolyte salt or any Li carbonates, 

inorganic Li species in the solid electrolyte interphase (SEI).  
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 Additionally, and more surprisingly, at the fully delithiated state at 1V, the 

presence of Li is seen in some specimen tips (Figure 6.3 (d)). The mass spectrum 

here too is far simpler showing, primarily Si as seen with ~ 1.8 % Li. However, Li 

isoconcentration surfaces at 20% Li in the APT maps show the presence of Li 

clusters. In this respect, Gu et al.77 had observed the presence of porous Si on first 

delithiation, hinting at Li cluster formation. Here, we provide direct proof of these 

clusters. However, the Li clusters are not seen in all specimen tips, which means 

that the volume expansion and contraction at the electrode level is very disjointed.  

 Having directly observed the Li maps at different state of charge, the 

discussion follows as such. At the onset of lithiation, the silicon is crystalline with 

no contamination of O into the particle, either from the electrode processing or the 

FIB conditions or APT analysis. As lithiation proceeds, the particles swell and 

pulverize as they get lithiated. The lithiated silicon-silicon interface does not 

contain a sharp Li distribution but it gradually increases over ~5 nm, thus 

distributing the strain. Having a smaller particle size or pores, hence, would help 

with the recovery of the strain on delithiation possibly better than larger particles. 

On delithiation though, the Li does not completely leave the silicon particles and in 

some places is trapped in the structure, either inducing residual strain or in other 

forms, ultimately leading to Li loss and capacity fade. By observing the Li profiles 

directly, the strain in the system is better understood and new mitigative strategies 

based on the lithiation mechanism can be developed.  
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 6.4 Conclusion 

Direct observation of the Li distribution profiles was carried using APT, in 

conjunction with milling and sample transfer protocols that prevented any exposure 

to ambient. The analysis at the different state of charge showed a gradual increase 

in the Li concentration across the interface for ~ 5 nm and not a sudden sharp rise 

as proposed in other reports. The presence of Li on delithiation also indicated 

either trapped Li or presence of residual strain, both of which are detrimental to the 

silicon anode.  Our findings give a clear understanding of how direct observation 

of Li at the nanoscale is necessary for such critical lithiation studies and how our 

protocols can be transferred to analyze other sensitive components and materials 

in Li-ion batteries.  
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Chapter 7 : Role of 4-tert-Butylpyridine as a Hole Transport Layer 

Morphological Controller in Perovskite Solar Cells 

7.1 Introduction 

As an emerging photovoltaic technology with significant potential for 

commercialization, hybrid organic−inorganic perovskite solar cells (PSCs) have 

developed rapidly in recent years16,170–172. With a certified 22.1% power conversion 

efficiency,9 compatibility with flexible substrates,173,174 and low fabrication energy 

consumption,175–177 PSCs are attracting enormous interest in both the academic 

and industrial field. As a p−i−n junction solar cell, a typical PSC has multiple layers 

and interfaces26,178. Understanding the function of these components in PSCs can 

facilitate improvements in device efficiency and stability179. Currently, a large 

number of researchers are focused on understanding the working mechanisms of 

the perovskite intrinsic layer and electron transport layer178,180–182. However, 

investigations into the role of additives in the hole transport layer (HTL) remain 

relatively limited183–185.  

Traditionally, the HTL for PSCs consists of 2,2′,7,7′- tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene(Spiro-OMeTAD), 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), and 4-tert-butylpyridine 

(tBP) (For molecular structures of the HTL components see Supporting 

Information, Figure D.1)171. This combination was first applied in solid state dye-

sensitized solar cells (ss-DSSC)186,187. In ss-DSSC, Spiro- OMeTAD is the hole 

transport material, LiTFSI is the p-dopant, and tBP is the additive that acts as a 
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recombination blocking agent186,188. The function of tBP in ss-DSSC is the same 

as in liquid-based DSSC: tBP can adsorb on the surface of mesoporous TiO2, 

which is the photoanode for DSSC. The adsorption of tBP on TiO2: (1) suppresses 

direct contact between TiO2 and electrolytes/hole transport materials to reduce 

charge recombination; and (2) negatively shifts the TiO2 conduction band to 

increase the Voc of DSSC189,190. Due to the similarity in the device architecture for 

ss-DSSC and PSC, tBP is assumed to fulfill the same role in PSCs as in liquid-

based DSSC or ss-DSSC188,191,192.  

However, in DSSC, dyes are discrete organic molecules which are difficult 

to organize into a continuous layer, whereas in PSCs, the intrinsic perovskite layer 

penetrates into the pores of the TiO2 layer and also tops it as a capping layer. This 

suppresses the possibility of direct contact between tBP and TiO2. Moreover, in 

ss-DSSC, LiTFSI triggers the oxidation of Spiro-OMeTAD193,194. In PSCs, despite 

the LiTFSI trigger, the oxidation reaction can only proceed if the perovskite layer 

also contributes to this process in a certain spectral range (>450 nm)195. The 

combined effect of the perovskite capping layer and the spectral dependence of 

the oxidation reaction would allow new interactions among the components in HTL 

(specifically tBP) and between the HTL and intrinsic perovskite layer. This calls for 

a re-evaluation of the role of tBP as a charge recombination inhibitor and 

investigations into new interactions between the perovskite capping layer and tBP. 

Such detailed studies will ultimately help researchers clearly understand how 
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PSCs works and provide effective solutions to the stability issue ensuring better 

success of this technology toward commercialization.  

Recent reports have observed pin-holes in the HTL of PSCs46. These are 

considered to contribute to the poor stability of PSCs; oxygen and moisture in 

ambient environment can permeate through these pin-holes and cause 

degradation of the perovskite intrinsic layer, but the reason for the generation of 

pin-holes in HTL is still unclear47.  

In this work, tBP is found to function as a morphology controller in the HTL 

of PSCs. Our observations suggest that, tBP reduces phase separation in the 

stock solution prior to spin-coating. This effect improves the film quality of the HTL 

by decreasing inhomogeneous regions. Using scanning electron microscopy 

(SEM), we prove that the presence of tBP significantly influences the HTL surface, 

by reducing the number of “pits” (also reported as pinholes46,47). On the other hand, 

high-resolution cross-section transmission electron microscopy (TEM) images 

show that the HTL undergoes morphological changes after long-term (>1000 h) 

storage of PSC. With the help of atom probe tomography (APT), 3D visualization 

of the water distribution at HTL/perovskite interface is possible. By combining the 

phenomena, we observe in TEM and APT, a PSC failure process mechanism is 

proposed, along with the morphological change of the HTL due to the evaporation 

of tBP. Our results indicate that tBP not only fulfills its function as previously 

reported for ss-DSSC but also acts as a morphology controller directly affecting 

device stability.  
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Figure 7.1: Correlation between perovskite coverage and HTL infiltration. (a) 
Bright-field TEM cross-section image of PSC prepared by focused ion beam (FIB). 
(b) Energy filtered-TEM mapping of a PSC cross-section with poor perovskite 
coverage. (Blue indicates Spiro-OMeTAD, red TiO2, and green perovskite. 
Regions where the HTL infiltrates the mesoporous TiO2 are outlined in white.) (c) 
EF-TEM mapping of a PSC cross-section with rich perovskite coverage. (Blue 
indicates Spiro-OMeTAD, red TiO2, and green perovskite. Regions where the HTL 
infiltrates the mesoporous TiO2 are outlined in white.) 

7.2 HTL Infiltration Behavior in PSCs  

The majority of our samples in this study are prepared by focused ion beam 

(FIB) and were utilized high-quality SEM and TEM imaging196–199: The FIB 

milling/polishing process ensured that the sample had a smooth surface. 

Furthermore, using a FIB-based milling process allowed the sample to be thinned 

to the 100 nm required for TEM characterization. As shown in Figure 7.1 (a), the 

morphological contrast for every layer in PSC is distinguishable in BF-TEM. Based 

on FIB-prepared PSC samples for cross-section TEM imaging, we progress toward 

understanding the infiltration extent of HTL in PSCs. In ss-DSSC, the pore filling 

percentage of the HTL in a mesoporous TiO2 photoanode is around 60−85% (the 

thickness of mesoporous TiO2 is ∼2.8 μm)200,201. These reports also demonstrate 

that reducing mesoporous TiO2 layer thickness can increase the pore filling 
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percentage. In mesoporous TiO2-based PSCs, the optimized thickness of 

mesoporous TiO2 is around 300−400 nm171. If the HTL infiltrates into mesoporous 

TiO2 to the same extent as it does in ss-DSSCs, the pore filling percentage in PSCs 

should be higher than 60−85% because of the thinner TiO2. However, our 

observations show that the pore filling percentage of the HTL in TiO2 is much lower 

than 60% due to the presence of the perovskite layer that has infiltrated the 

mesoporous TiO2 layer.  

In PSC, the majority of the TiO2 surface is covered with a perovskite capping 

layer, although some regions have poor coverage. Here, three components cross-

section energy filtered TEM (EF-TEM) mapping is applied to display the infiltration 

behavior of HTL under the competing effect of the perovskite infiltration in 

mesoporous TiO2. Two PSC samples were prepared by FIB for EF-TEM, one with 

poor perovskite capping layer coverage on top of the mesoporous TiO2, the other 

one with rich perovskite capping layer coverage. As shown in Figure 7.1 (b), even 

in perovskite poor coverage regions, the infiltration of the HTL into mesoporous 

TiO2 is limited. Most of the pores within the TiO2 layer are filled with perovskite 

instead of HTL (Figure 7.1 (b) green regions). In TiO2 with pores deeper than 150 

nm from the surface, no HTL is observed. However, when the perovskite coverage 

is better, as shown in Figure 7.1 (c), the area of TiO2 infiltrated by the HTL is even 

smaller. The EF-TEM mapping indicated that under the competition of the 

perovskite, the infiltration of the HTL to mesoporous TiO2 is limited. The more 
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perovskite capping layer cover on top of TiO2 the less the HTL can infiltrate into 

the mesoporous TiO2.  

In previous reports, a penetration depth of ∼100 nm for the HTL is observed, 

which show strong agreement with our experimental observations198. Since then, 

several groups have adopted superior fabrication procedures. A denser perovskite 

capping layer can further limit the pore-filling of the HTL in TiO2. Moreover, in 

planar heterojunction PSCs, which are devoid of mesoporous TiO2, the TiO2/HTL 

interface is further reduced. However, tBP is still used in majority of PSC 

architectures and device configurations. Hence, it should function differently in 

PSCs than in DSSCs.  

7.3 tBP HTL Morphology Control Effect  

Due to the limited penetration depth and low pore filling percentage, the 

TiO2/ HTL interface in PSCs is much smaller than in ss-DSSCs. As a result, tBP 

acts only minimally to prevent direct contact between Spiro-OMeTAD and TiO2. 

However, as we observe, tBP does control the morphology of the HTL.  

Before adding tBP, as shown in Figure 7.2 (a), the HTL solution used for 

spin-coating is phase-separated: the LiTFSI/acetonitrile solution (acetonitrile is the 

solvent to dissolve LiTFSI before adding to Spiro-OMeTAD solution) is immiscible 

with the Spiro-OMeTAD/chlorobenzene solution (chlorobenzene is the solvent for 

spin-coating of HTL). The majority of the LiTFSI/acetonitrile solution tends to 

accumulate at the bottom of the Spiro-OMeTAD/chlorobenzene solution as small 

liquid droplets. After adding tBP, as shown in Figure 7.2 (b), all liquid droplets 
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disappear, which indicates that tBP improves the solubility of LiTFSI in the Spiro-

OMeTAD solution. It is possible that some complexes are formed by tBP and 

LiTFSI to reduce the phase separation in HTL solution and further influence the 

morphology of the HTL after spin-coating.  

 

Figure 7.2: Photographs of HTL solution used for spin coating. (a) Before adding 
tBP and (b) after adding tBP. Top-view SEM images of the freshly prepared HTL 
(c) without tBP, (d) with tBP, and (e) with tBP after overnight vacuum treatment 
(10–4 Pa). Cross-section BF-TEM images of the freshly prepared HTL (f) without 
tBP, (g) with tBP, and (h) with tBP after overnight vacuum treatment (10–4 Pa). 
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Because the existence of tBP guarantees the uniformity of HTL solution, as 

a result, it can affect the morphology of the spin-coated films. Several freshly 

prepared HTL samples were characterized by SEM/TEM as shown in Figure 7.2 

(c−h). In Figure 7.2 (c), a top-view SEM image show that pits form on the surface 

of the HTL in the absence of tBP. After adding tBP, as Figure 7.2 (d) displays, both 

the size and the number of the pits are significantly reduced. The homogeneous 

nature of the solution facilitates formation of a uniform film with a limited number 

of pits.  

In order to prove that these pits in the HTL are indeed formed due to a lack 

of tBP, overnight vacuum treatment (10−4 Pa) was applied to a HTL with tBP. It is 

reported that tBP evaporates under vacuum environment and no X-ray 

photoelectron spectroscopy signals are observed related to tBP elements46. As 

shown in Figure 7.2 (e), the number and the size of the pits on the surface of the 

HTL increase after overnight vacuum treatment. The morphological change from 

Figure 7.2 (d) to (e) can be attributed to the evaporation of tBP. Its 

disappearance/reduction causes the HTL film to revert back to an inhomogeneous 

state, thereby resulting in the reappearance of more pits. Moreover, a few pits are 

located in the HTL even with tBP (Figure 7.2 (d)), which we ascribe to the volatile 

nature of tBP on the surface. tBP can partially evaporate at the surface of the HTL, 

allowing a small portion of LiTFSI to regather and form pits.  

To further study the morphological control of tBP on the HTL, FIB was used 

to prepare cross-section HTL samples with and without tBP. This enabled us to 
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observe the morphology of the bulk of the film via BF-TEM at high resolution. 

Figure 7.2 (f-h) are the BF-TEM images of the HTL cross-section without tBP, with 

tBP and with tBP after overnight treatment, respectively. In Figure 7.2 (f), without 

tBP, the HTL has an inhomogeneous morphology. Several bubble-like structures 

appear in the HTL. When the HTL contains tBP, as shown in Figure 7.2 (g), the 

bulk of the film is homogeneous. After overnight vacuum treatment of the tBP-

contained film, Figure 7.2 (h), inhomogeneous regions appear again. For the 

various treatment histories, the morphology of the inhomogeneous regions in the 

tBP-free sample and that of the vacuum treatment tBP sample are slightly different, 

but the size and the distribution of the inhomogeneous regions for these two 

samples are in the same range.  

In addition, we also characterized the tBP-contained film after thermal 

annealing. 200 °C was selected as the heat treatment temperature, as this 

temperature is above the boiling point of tBP and below the melting points for 

LiTFSI and Spiro-OMeTAD. The morphology of the top view (Supporting 

Information, Figure D.2 (a)) and the cross-section view (Supporting Information, 

Figure D.2 (b)) of the thermal annealing film is characterized. In Figure D.2 (a), the 

number and size of the pits on the surface of the HTL increase after heat treatment. 

However, the morphology and location of the inhomogeneous regions in cross-

section image of the annealed tBP sample is different compared with the vacuum 

treatment sample and the tBP-free sample. The inhomogeneous regions of the 

tBP-free and vacuum treatment samples show more small bubble-like regions that 
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are mainly located at bulk of the film. These inhomogeneous regions show brighter 

contrast compared with the rest of the film. While in Figure D.2 (b), the annealed 

sample’s inhomogeneous regions are on top of the film, they show darker contrast 

compared with the rest of the film. These differences can be attributed to the 

melting of LiTFSI on 200 °C homogenizes bulk of the thermal annealing film; 

however, it still cannot prevent the surface morphological change due to the 

evaporation of tBP. In conjunction with the top view SEM and cross-section TEM 

results (Figure 7.2 (c-h), Supporting Information Figure D.2 (a) and (b)), it is 

obvious that tBP can affect both the surface and bulk morphology of HTL.  

Previous reports described the nonuniform structure of the HTL as 

“pinholes”: the authors proposed that the pinholes pass through the entire HTL 

layer, which put moisture and air in direct contact with the surface of perovskite 

layer and trigger further degradation46,47. If pinholes did indeed exist in the HTL, a 

cross-section TEM image of a PSC would reveal this specific morphology. 

However, the cross-section TEM images (Figures 7.1 and 7.2) prove that the HTL 

is uniform (in the presence of tBP). In Supporting Information, Figure D.3, a cross-

section BF-TEM image of a PSC showing a larger region for the HTL also indicates 

that the bulk of the HTL is homogeneous and contains no pinholes. On the other 

hand, the metal (top electrode)/HTL interface is not flat, which suggests that the 

surface morphology has shallow pits instead of pinholes (Supporting Information, 

Figure D.4). To demonstrate the difference between a “pit” and “pinhole” in the 

HTL, a picture is shown in Supporting Information, Figure D.5: although the 
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morphology of the HTL looks similar from a top view, in the cross-section the 

“pinholes” and “pits” are easy to distinguish. To get the accurate morphological 

information on HTL and to prevent the FIB process from damaging the sample, 

two measures were taken into our experiment: (1) Before FIB process, all samples 

were pre-deposited with a metal protecting layer (Pt or Ir 200 nm and then 2 μm 

Pt), which can prevent the beam from damaging the top of the HTL. (2) During FIB 

thinning process, only 5 kV voltage and 7 pA current were applied to the sample 

when the sample thickness is smaller than 200 nm. This measure can minimize 

the beam-induced damage to only 10 nm202.  
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Figure 7.3: BF-TEM cross-section images of the long-term morphological change 
in the HTL after (a) 200 h storage (inhomogeneous regions in the HTL marked with 
red circles), (b) 500 h storage (bubble structures in the HTL marked with red 
circles), and (c) 1000 h storage (degraded perovskite capping layer marked by red 
circles). (d) J–V curves of the stored perovskite solar cells. Each curve is the 
average of 10 cells prepared at the same batch of the TEM sample. 

7.4 HTL Morphological Change in PSCs 

Apart from our observation of pits on the surface of the HTL (in the absence 

of tBP), its effect on the stability still needed further investigation. Since the 

evaporation of tBP can also lead to morphological change of the HTL as mentioned 

earlier, we suspect this effect exists in a real device and finally influences the 
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device performance. To study this mechanism, we observe the long-term 

morphological change of the HTL in an unsealed full PSC. We store the PSC 

samples under ambient dark conditions with 10% moisture for 1000 h. Four 

samples for BF-TEM were prepared by FIB on the same cell after different storage 

times (0, 200, 500, and 1000 h).  

As shown in Figure 7.1 (a), at the start, the HTL is homogeneous. As 

discussed before, that is because tBP promotes miscibility of LiTFSI and Spiro-

OMeTAD. After 200 h, as Figure 7.3 (a) displays, inhomogeneous dark regions 

appear on the HTL. These regions are due to the accumulation of Li salt which 

occurs due to the loss of tBP by evaporation. Figure 7.3 (b) shows the morphology 

of the HTL after 500 h. The majority of the dark regions disappear, even as bubble-

like structures are generated. This likely occurs because of the hygroscopicity of 

LiTFSI: moisture can easily react with the accumulated LiTFSI seen in Figure 7.3 

(a). The hydration of LiTFSI therefore leads to the bubble structures in the HTL. 

Finally, in Figure 7.3 (c), after 1000 h, the perovskite has decomposed. These 

images display that the morphological change, in other words, the failure process 

of PSCs, is initiated from the HTL instead of the perovskite layer followed by 

eventual degradation of perovskite. The related photo current density−voltage 

curves (J−V curves) and device parameters for the stored cells are shown in Figure 

7.3 (d) and Table 7.1. Compare with the freshly prepared PSCs (12.6%), the 

performance decays of the 250 h (10.9%) and 500 h (7.51%) PSCs are not as 

obvious as the 1000 h PSCs. It is consistent with the TEM results since the 
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decomposition of the perovskite layer at the first 500 h is limited while at 1000 h, 

perovskite layer has decomposed.  

Table 7.1: Cell Parameters of the Perovskite Solar Cells Stored for 1000 h at 10% 
Humidity Ambient Dark Conditions 

 

On the basis of the morphology control effect of tBP on HTL and the failure 

process of the PSCs, a mechanism regarding the long-term morphological change 

in a perovskite solar cell is presented now. As displayed in Figure 7.4, at the start 

(right after device fabrication), the existence of tBP guarantees a uniform HTL, with 

minimal shallow pits located on the surface the of the HTL. After tBP evaporates, 

the Li salt accumulates, shown as dark circular regions. These regions are further 

hydrated to create void structures in the HTL which finally lead to decomposition 

of the perovskite layer. It should be noted that these events may not strictly 

proceed one after the other but may instead occur at the same time. During the 

LiTFSI hydration process, for instance, the decomposition of the perovskite may 

have already begun since water is already in the HTL.  
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Figure 7.4: Schematic of the morphological change of the HTL/perovskite layers 
as they are stored in dark conditions. 

7.5 Humidity Accumulation Characterizations in PSCs 

To further confirm that the lack of tBP can lead to the increasing amount of 

water in HTL, four fresh-prepared Spiro-OMeTAD films with various components 

combinations were characterized by Fourier transform infrared spectroscopy 

(FTIR). As shown in Figure 7.5, films of pure Spiro-OMeTAD (black line), Spiro-

OMeTAD/tBP (red line), and Spiro-OMeTAD/tBP/ LiTFSI (dark green line) all 

display similar peaks. That is because the primary component of the HTL film is 

Spiro- OMeTAD (in accordance with the weight percentage of the HTL spin-coating 

solution). However, a water peak is observed in the Spiro-OMeTAD/LiTFSI sample 

(blue line). This broad peak at ∼3600 cm−1 corresponds to the O−H stretching 

mode of water in FTIR. In contrast, no water peak appears in the Spiro-
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OMeTAD/tBP/LiTFSI sample (dark green line). This indicates that tBP prevents 

the accumulation of LiTFSI in Spiro-OMeTAD films, thereby reducing the possibility 

of LiTFSI hydration since the material is well dispersed throughout the Spiro-

OMeTAD and shielded by tBP. The mechanism of how tBP prevents LiTFSI 

hydration at a chemical level will be the scope of our future work.  

 

Figure 7.5: FTIR spectra of Spiro-OMeTAD films with various component 
combinations. 

The FTIR study confirmed the presence of moisture in films without tBP, but 

in order to visualize that moisture truly exists in the HTL for a full cell device 

structure, we utilized laser-assisted atom probe tomography (APT). With the 

unique ability of APT to obtain three-dimensional (3D) position information and 

compositional mapping of energy materials110,112, we constructed a map of the 
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water accumulated in PSCs at the HTL/perovskite interface. The PSC devices 

were stored for over 500 h prior to sample preparation for APT analysis. This 

corresponds to the morphology of Figure 7.3 (b). In this state, as mentioned before, 

tBP would evaporate allowing the accumulation of LiTFSI and its possible 

hydration.  

Figure 7.6 (a) displays a perovskite solar cell cross section wedge lifted out 

for preparing an atom probe needle specimen. Various layers in the device 

architecture are clearly visible. The annular milling process during final stages of 

the needle specimen preparation was controlled to retain the HTL layer on the 

specimen apex and then proceed to the perovskite layer below, with the interface 

in between. In Figure 7.6 (b), the APT maps show the clear boundary between F 

(red) and Pb (blue), corresponding to the perovskite/HTL interface. Pb and F maps 

are used since they are the sole indicators for perovskite and LiTFSI respectively, 

not present in any other layers. Although fluorine signatures can be obtained from 

the FTO (fluorine doped tin oxide) layer, atomic positions of F above the Pb region 

do not conform to the position of the FTO layer. Another caveat is the low analysis 

temperature used for APT analysis (60 K) which is below the phase transition 

temperature for the intrinsic perovskite layer. We do not expect that the phase 

transition would affect the ordering of the layers and the interfaces. 
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Figure 7.6: 3D APT maps of HTL/perovskite layers after long-term storage (>500 
h). (a) SEM image of an APT sample section attached on a Si micropost prior to 
annular milling by FIB. The red section shows the analysis area. (The scale bar is 
1 μm.) (b) 3D elemental maps of Pb (blue dots, from perovskite CH3NH3PbI3) and 
F (red dots, from TFSI–in HTL). (c) APT map of H2O showing its distribution in 3D. 
(Scale bars in b and c are 10 nm. Shown in green is the x-axis, red corresponds 
to the y-axis, and blue is the z-axis.) 

As shown in Figure 7.6 (c), the chemical map for water indicates a strong 

concentration at the specimen apex region as opposed to the entire region of 

analysis. To the best of our knowledge, such a strong concentration could not 

possibly occur from a background signal (see Supporting Information, Figure D.6 

for a more quantitative analysis). This region of water accumulation is concurrent 

with regions of high F concentration. Thus, we conclude that water accumulates in 

the HTL rather than the perovskite layer.  

In comparison to similar chemical maps for F and H2O, using freshly 

prepared samples (see Supporting Information, Figure D.7 for more details) with 

no aging, the total counts for H2O and F ions are 5 times higher. These 

observations are also consistent with our TEM results and FT-IR data. In PSCs 

samples stored in ambient under dark conditions, the amount of tBP in the HTL is 
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reduced due to its relatively low boiling point and volatile nature. As a result, the 

HTL prefers to adsorb water due to the hygroscopicity of LiTFSI.  

In conclusion, the function of tBP in PSCs was re-evaluated to understand 

its influence on device stability. Due to the limited penetration depth of HTL into 

mesoporous TiO2, it is unlikely that the additive serves only to prevent contact 

between the Spiro-OMeTAD and TiO2 layers as traditionally assumed. Based on 

our observations, tBP functions as a morphological controller for the HTL. It 

prevents phase separation of LiTFSI and Spiro-OMeTAD during spin-coating of 

the solution, resulting in a uniform HTL film. The absence of tBP leads to 

inhomogeneous films and also causes the appearance of large pits on the surface 

of the HTL. tBP-free HTL easily absorbs water due to the hygroscopicity of 

accumulated LiTFSI and further lowers the stability of PSCs. In PSCs stored in 

ambient dark conditions for 1000 h, the slow evaporation of tBP (as it is the only 

liquid component in PSCs) leads to all of the above-discussed phenomena. Li salt 

accumulates and generates “dark regions” in the HTL. These dark regions then 

turn into void bubble structures due to the hydration of Li salt. Finally, the water 

contained in the HTL contributes to perovskite degradation. Since the evaporation 

of tBP is a primary contributor to the poor stability of PSCs, we suggest that the 

performance of PSCs can be enhanced by utilizing other pyridine derivatives that 

can fulfill the same functions as tBP but have much higher boiling points. 
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Chapter 8 : Summary and Future work 

Energy devices have become increasing more complex with the presence 

of different materials chemistry, dopant distributions, nanoscale coatings and 

multiple interfaces, whose interactions are not completely understood. To enable 

the next revolution in green energy, a nanoscale analysis of the individual elements 

and how they interact is necessary. Changes in the distribution of elements can 

provide clues on device mechanisms, enhancement in electronic/electrochemical 

properties and even origins of degradation mechanisms. Hence studying the 

chemical distribution is an important aspect of the energy challenge that warrants 

more attention. The focus of my thesis was hence, on overcoming this challenge 

as it applies to different aspects of green energy, using atom probe tomography 

(APT) as a primary analysis technique.  

APT provides a method to observe the distribution of elements with 

nanometer spatial resolution and ppm level chemical sensitivity (along with equal 

detection efficiency for all elements of the periodic table), this fulfilling the 

requirements to observe and explore a wide range of energy materials. Starting 

with semiconductor devices (useful for energy management and monitoring 

systems), the individual finFETs were captured in a single APT specimen tip 

through careful targeted sample preparation techniques (Chapter 4). This was 

carried out using focused ion beam. A comparison with conventional STEM-EDX 

measurement provided better reliability with APT analysis which gave similar 

results.  
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Semiconductor devices using silicon was chosen as the first system to work 

with as similar devices at a larger scale have been explored using APT and it 

allowed us to create a baseline for the technique and analysis before moving on 

to relatively unexplored and more challenging, battery cathode and anodes. 

Following this battery cathodes were explored next (specifically NCA and NCM) to 

identify the reasons for higher capacity and retention provide by Al. However, in 

order to obtain accurate composition for all the elements (including Al), a 

parametric investigation for the cathodes was necessary. It was observed recently 

for oxide materials that the composition is dependent on the laser energy, with 

oxygen composition diminishing with higher laser energy.  

In Chapter 5, with NCA we observed that a similar trend was seen for O but 

it was mirrored with Al also. On the other hand, Ni, Co and Li showed a separate 

trend with a close to accurate composition at 20 pJ as well as cross over point 

between 0-5pJ. This indicated that the presence of Al (a low evaporation field) 

element when combined with Ni and Co; both much higher evaporation field 

elements, provided a complexity in the evaporation behavior such that an accurate 

stoichiometry for all elements together was not possible at the same laser energy. 

In contrast, NMC composition, where Ni, Co and Mn have similar evaporation fields 

allowed better evaporation behavior with a single laser energy where all the 

elements were close to accurately described. 

Based on the contrasting trends of 2 different relevant cathode particles, 

which would make further cycling analysis more difficult, the attention was focused 
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on more simpler systems, silicon, used as anode materials for Li-on batteries. As 

shown in Chapter 6, the lithiation behavior lithiated silicon, essentially an alloy that 

was far easier to run in APT was investigated. The Li distribution profiles obtained 

would help to understand the points of maximum strain that causes volume 

expansion. The challenges here were associated with sample preparation due to 

the high reactivity of Li to both moisture and to ion beam used for milling. Thus, air 

free transfer protocols and cryogenic temperatures were used for the sample 

preparation. Based on the observed results, a lithium distribution profile was 

observed and presence of residual Li after the first lithiation indicating not only how 

the lithiation occurs but also how residual Li (possibly in the metallic state) is 

responsible for the low first cycle coulombic efficiency. 

Following this, perovskite solar cells stacks were investigated next, a more 

challenging system due to the presence of organic layers. However, our success 

in identifying the pathway for moisture ingress into the devices based on the 

concurrent F and moisture maps (Chapter 7) indicated that APT can now indeed 

be used as an application-based instrument to study energy materials.  

All these different systems explored in the FIB for sample preparation and 

in the APT for nanoscale analysis has now given a good set of directions on where 

the next efforts can be focused. These can be divided into 2 different aspects [a] 

Continued exploration on more efficient methods for sample preparation for higher 

tip survivability and [b] novel applications to understand current challenges in 

batteries. 
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Towards the former, the next steps would to develop coatings (either Ni 

itself or oxide-based coatings) that can be deposited on as prepared tips right 

before deposition. Preliminary Cr based coatings have provided significant 

success. These coatings should have an evaporation field close to that of Si, on 

which the specimens are prepared.  This would also allow the analysis of complete 

secondary particles of cathodes from the surface to the bulk which is necessary 

for degradation of cathodes over cycles. Another avenue would be to explore other 

final tip preparation methods, apart from FIB, such as etching methods for better 

control on final tip shape which also affects tip survivability. 

On the other end, for novel applications, understanding alloy-based anodes 

and Li metal anodes, due to their metallic nature is possible with APT. Observing 

Li distributions in alloy anodes, as well as inorganic products formed on Li metal 

and Li distributions in dendrites or mossy Li could be enabled next. For 

electrolytes, the development of solid-state sulfur and oxide-based materials can 

be studied as they interface with the cathode. A similar parametric investigation 

(like NCA and NMC) and targeted specimen preparation (like finFETs) would be 

needed before actual application study to ensure that the effects observed are not 

an artefact from the instrument.  

Moreover, cryogenic techniques developed during the silicon anode study 

in combination with cryo TEM sample preparation techniques used heavily in the 

field of biology, can be extended now to liquid electrolyte samples that are freeze 
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dried to capture the liquid electrolyte-electrode interface and better understand the 

SEI.  

Thus, the field of nanoscale analysis of energy devices, has been sprung 

wide open now and building on the knowledge for materials, sample targeting and 

APT analysis developed in this thesis, the next set of challenges can be 

understood and mechanisms developed more carefully. 
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Appendix A 

Supplementary Information for Chapter 4 

Three-dimensional nanoscale mapping of state of the art finFETs 

A.1: Atom probe tomography for NMOS- maps for other species 

 

Figure A.1: APT maps of Ga, SiO, O, and O2 for a NMOS fin. (a) The Ga is from 
contamination during the ion milling process in the FIB (focused ion beam). The 
milling conditions used is to ensure that minimum Ga damage occurs during the 
sample tip preparation. (b) The SiO maps show a higher concentration close to the 
fin (Figure 4.3 (a)) due to close proximity of Si and O (from the HfO2 layer). (c, d) 
The O and O2 maps are also shown. The O maps show a higher concentration 
close to the interface of the fin and the HfO2 dielectric. Scale bar is 25 nm. 
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A.2: Atom probe tomography for PMOS: maps for other species 

 

Figure A.2: APT maps of B, Ga, HfO2, SiO, O and O2 for a PMOS fin.(a)The B 
shows a concentration close to the bottom of the map around the same region 
where the SiO and O signals are present. Boron is present closer to the 
source/drain contacts indicating the region near the contacts that has been 
captured in APT. (b) The Ga is from contamination during the ion milling process 
in the FIB (focused ion beam). (c) The HfO2 maps are shown here. They mimic the 
HfO signals (Figure 4.4(a)) both indicating the presence of a HfO2 dielectric layer. 
(d, e) The O and O2 maps are also shown. The O maps show a higher 
concentration at the bottom of the map between the two HfO walls, which along 
with the SiO maps (f) indicates the buried oxide layer between fins (Figure 4.1(a). 
Scale bar is 30 nm. 

A.3: Mass spectrum analysis for APT 

The mass spectrum for the PMOS and the NMOS maps obtained from APT 

is shown here. The labels are shown for the most intense peaks. Peaks that could 

not be identified are also shown with an asterisk. Maps not shown in Figure 4.3 
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and 4.4 and in Figure A.1 and Figure A.2 have a very low intensity and do not 

provide any new insights from what can be seen in other maps. 

 

Figure A.3: Major peaks analyzed in the mass spectrum of the NMOS device 
shown in Figure 4.3. Chemical signatures of Si and all the dielectric layers are 
present in the mass spectrum. 
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Figure A.4: Major peaks analyzed in the mass spectrum of the PMOS device 
shown in Figure 4.4. Chemical signatures of Si, Ge and all the dielectric layers are 
present in the mass spectrum. 
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A.4: Sample preparation for APT 

 

Figure A.5: Cross-section sample preparation process for APT. The region of 
interest is identified from the SEM images (Figure 4.1 (b)) as seen in (a). A 
protection coating is deposited and milling trenches are made at an angle of 22° 
(b). The sample wedge is then picked up using a micromanipulator in situ (c); and 
the wedge is attached onto the ARM® module. As seen in (e), the right side wall 
is milled to ensure the transistor of interest is at this wall. The sample is now 
physically rotated 90° so that the fin of interest faces upwards and another wedge 
is made such that the fin aligns with the bottom end of the wedge section (f). This 
section is now picked up using a micromanipulator (g); and smaller sections of it 
are attached onto a Si microtip array (h). (i) Shows a magnified image of the fin at 
the apex of the smaller section with protective coatings on two sides and (j) shows 
one of the smaller sections attached to a microtip array. Annular milling is now 
carried out to reduce the end radius to less than 200 nm (k); and a final low current, 
low voltage milling step ensures a conical tip (l). 
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A.5: Sample preparation for TEM 

 

Figure A.6: Sample preparation process for an inverted S/TEM cross-sectional 
lamella. The region of interest is protected by an e-beam induced deposition, which 
in addition to lines milled with the FIB column, serve as a fiducial as well, as seen 
in (a). A larger ion beam induced deposition is placed over the ROI (b). Bulk 
trenches are milled with the FIB on each side of the lamella as seen in (c). Using 
a lower ion beam current, the trenches are milled closer to the ROI (d). A “J” 
shaped pattern is milled with the FIB at 0° stage tilt to nearly free the lamella from 
the substrate (e). As seen in (f), a small box pattern is milled with the FIB to aid 
sample release in a subsequent step. The stage is now tilted to 0° and rotated 90° 
and a micromanipulator is brought in close proximity with the lamella and 
subsequently welded (g). The sample is then milled completely free from the 
substrate and the micromanipulator is used to transport the lamella (h). The 
micromanipulator is rotated 180° (not shown), and the lamella is welded to a TEM 
grid loaded in a specialized holder (i). The micromanipulator is milled free from the 
lamella (j) and the holder is manipulated (not shown) so the grid is oriented 
vertically. Finally, the lamella is thinned using successively lower ion beam 
accelerating voltages until a damage free lamella of the desired thickness is 
produced (k). 
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A.6: STEM-EDS additional maps 

 

Figure A.7: EDS map of W for (a) NMOS and (b) PMOS fin respectively. Scale bar 
is 20 nm each. 
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Appendix B 

Supplementary Information for Chapter 5 

Compositional quantification of high nickel content NCA and NMC battery 

oxides using Atom Probe Tomography  

Table B.1: Comparison of the atomic composition (in bold) versus the ideal 
composition for different cathodes analyzed using APT.  

System Atomic composition 

Li1.2Ni0.2Mn0.6O2[110] Li 30% (41.4%), Ni 5% (6.2%), Mn 15% 
(16.6%), O 50% (35.7%) 

LiMn2O4[108] Li 14% (22%), Mn 28.5% (36%),  
O 57% (41%) 

LiMn2O4[162] Li 14% (25%), Mn 28.5% (37%),  
O 57% (38%) 

LiCoO2 (pouch cell prep) [107] Li 25% (20%), Co 25% (30%),  
O 50% (50%) 

LiCoO2 (thin film) [161] Li 25% (28.4%), Co 25% (25.8%),  
O 50% (44.2%) 

Li1.2Mn0.55Ni0.15Co0.1O2[111] Li 25% (20%), Co 25% (30%), 
 O 50% (50%), 

 Mn 13.75% (15.8%), Ni 3.75% (4.4%) 
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Figure B.1: Specimen tip preparation for NMC811, which is easier using the 
conventional method of lift-out on the secondary particles itself as opposed to 
NCA. 

 

Table B.2: Conditions used for the specimen tips analyzed and the output of the 
fitting for each tip in terms of the FHWM and FWTM (tenth maximum) parameters.   
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Figure B.2: Specific capacity and Coulombic Efficiency over 100 cycles for the 
NCA electrodes used for this study.  
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Appendix C 

Supplementary Information for Chapter 6 

Direct observation of Li during first cycle lithiation of silicon anodes 

  

 
Figure C.1: Comparison of the SEM images (at 50 mV) when the correct drying 
protocols were followed (a) before and (b) after and (c) EDX pattern corresponding 
to (c), showing a small oxygen content. With residual moisture in the carbon tape, 
the morphology can change drastically, (d) before and (e) after and (f) EDX 
spectrum showing the increase in the oxygen content for the SEM image shown in 
(e).  
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Figure C.2: Comparison of the morphology of the silicon anodes without (a) and 
with (b) cryogenic milling showing no differences. However, any changes in Li 
cannot be observed at this scale. (c) Movement of the microtip array due to 
hardening (brittleness) of the adhesive at cryo temperatures. 
 

 

Figure C.3: Capacity retention of micro-silicon with PAA binder (a), CMC-PAA 
copolymer binder (b) and nano-silicon with PAA binder (c), all in half cell 
configuration. The micro-silicon cells are at a loading of 1 mg/cm2 and nano-silicon 
at 0.5 mg/cm2. 
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Figure C.4: (a) Porous morphology of the micrometer sized silicon anode making 
regular liftout and APT analysis a challenging task and (b) Electrode dissolution 
(with bubbling) within seconds using 50 µl deionized water.  

 

 
Figure C.5: Atom probe maps (a) and interface analysis (b) for the test sample at 
50 mV.  
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Table C.1: Atomic Composition for each element (for specimen tip at 50 mV 
lithiation) obtained from the mass spectrum analysis using IVAS software.  

 
Atomic composition (%) 

Li 25 

Si 45.7 

O 1.5 

Ga 0.06 

Pt 2 

C 20 

F 4 

P 0.6 
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 Appendix D 

Supplementary Information for Chapter 7 

Role of 4-tert-Butylpyridine as a Hole Transport Layer Morphological 

Controller in Perovskite Solar Cells 

D.1 Methods 

All reagents, unless otherwise stated, were purchased from Sigma-Aldrich. 

Methylammonium iodide (MAI) synthesis: 15 mL of 33 wt% methylamine solution 

in anhydrous methanol was reacted with 15 mL of 57 wt% hydroiodic acid in a flask 

for 1 hour. After evaporating all solvents, the mixture was dissolved in anhydrous 

ethanol. Ethyl ether was used to precipitate MAI from the solution. The MAI was 

dried overnight in a vacuum oven, and a white crystalline powder was obtained as 

the final product. 

Perovskite solar cells (PSCs) fabrication: PSC fabrication was based on the 

sequential deposition method171. A TiO2 compact layer was spin-coated on 

cleaned FTO glass. After sintering, a mesoporous TiO2 layer was spin-coated onto 

the TiO2 compact layer and sintered again. PbI2 (Alfa Aesar) was dissolved in 

dimethyl formamide and spin-coated onto mesoporous TiO2. Then the films were 

dipped in MAI solution (isopropanol as the solvent). After thermal annealing, the 

films were spin-coated with a solution containing Spiro-OMeTAD (Merck), tBP, and 

LiTFSI which were dissolved in chlorobenzene. Finally, 80 nm of gold was 

evaporated onto the films. For more detailed information (spin-coating speed/time, 

solution concentration, and annealing condition)195. 
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Characterization: 

Scanning Electronic Microscopy (SEM) images were taken with a FEI SFEG UHR 

SEM operated at 10kV. Samples were coated with iridium before taking SEM 

images to avoid beam drift for semiconducting and insulating materials. 

Transmission electron microscopy (TEM) images were taken with a FEI 200kV 

Sphera Microscope. Samples for TEM were prepared by focused ion beam (FEI 

Scios DualBeam FIB/SEM). Regions of interest were deposited with 2 um thick Pt 

for protection during ion etching. After etching from the substrate, the samples 

were lifted by a tungsten needle (FEI EasyLift LT NanoManipulator). Before 

disconnecting the sample from the needle, samples were attached onto the FIB 

lift-out grid (Copper PELCO FIB Lift-Out Grid). Subsequently samples attached 

onto the lift-out grid were thinned to within 100 nm by a Ga2+ ion beam. In addition, 

the EFTEM images and EELS spectra were acquired using a Gatan Enfina 

spectrometer with a collection angle of 52 mrad and convergence angle of 30 

mrad. 

 

Samples for atom probe tomography (APT) were prepared and analyzed at the 

Environmental and Molecular Sciences Laboratory at PNNL. In brief samples were 

prepared from fabricated PSC devices, in the form of tips, using FEI Helios dual-

beam focused ion beam/scanning electron microscope (FIB/SEM) equipped with 

an Omniprobe. A wedge-shaped lift-out section was prepared by milling at 22 

degrees. The liftout section was controlled using an in-situ micromanipulator 
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(Omniprobe) and 2 μm sections were cut and affixed on a Si microtip array followed 

by Pt deposition on either side to hold the wedge in place. An annular milling 

pattern with progressively smaller diameter was used to get the shape of a tip. A 

final low beam energy (~ 2kV) exposure was used to give the tip its final shape as 

well as remove surface regions, which are prone to maximum Ga damage. The 

end radius at the tip was less than 100 nm. 

As prepared sample tips were then analyzed using a LEAP (local electrode 

atom probe) 4000XHR with a detector efficiency of ~40%. A temperature of 60 K 

and laser energy (~ 100 pJ) was used to ensure field evaporation of ions in a 

regular manner. The laser energy, detection rate and temperature were optimized 

for our samples. The reconstruction to obtain the 3-D maps and the analysis were 

done using the IVAS® software. 

Fourier transform infrared spectroscopy (FTIR) with attenuated total reflectance 

(ATR) attachment (Nicolet 6700 with Smart-iTR) was applied for the FTIR test. 

Samples for FTIR were spin-coated on CaF2 substrates at 2000 r.p.m. and 30 s 

as thin films. 
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D.2 Supplementary Data 

 

Figure D.1: Molecular Structures of the components in the HTL for PSCs: Spiro-
OMeTAD, LiTFSI and tBP. 
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Figure D.2: (a) Top-view SEM images of the freshly prepared HTL with tBP after 
thermal annealing treatment. (b) Cross-section BF-TEM images of the freshly 
prepared HTL with tBP after thermal annealing treatment. 
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Figure D.3: Cross-section BF-TEM image of a PSC, which indicates that the HTL 
has a homogeneous morphology. The sample was intentionally prepared with less 
perovskite coverage in order to display more HTL area. 

 

 

Figure D.4: Cross-section BF-TEM image of the HTL with a metal capping layer. It 
reveals the curved structure of the HTL/metal interface. The red line marks the 
curved portions of the interface. The sample was prepared by FIB. 
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Figure D.5: Schematic of the HTL with a perovskite capping layer (a) pin-hole 
model; (b) pit model. They have similar top-view morphology, but the cross-section 
morphology is clearly distinguishable. 
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Figure D.6: Additional analysis for atom probe tomography performed on 
perovskite solar cells. (a) Shows the mass spectrum for the analysis region shown 
in Figure 7 main text. (b) Zoom in of the mass spectrum for the region marked by 
the black box in (a). The peak for H2O is clearly visible. The high intensity of this 
peak does not fit the isotopic ratios as expected for O2+. (c) The analysis region 
(marked by the black box) for the 1-D concentration profile. (d) 1-D concentration 
profile showing the decrease in F and H2O species across the interface. 
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Figure D.7: Analysis for atom probe tomography performed on freshly prepared 
perovskite solar cells (cells that were prepared into tips and analyzed right after 
device preparation to prevent influence of moisture). (a) Shows the SEM image for 
the analysis region with tip going from the hole transport layer into the perovskite 
layer. (b) APT map of F (fluorine) showing its distribution in 3D (c) APT map of H2O 
showing its distribution in 3D. (Scale bar in (b) and (c) are 8 nm. Shown in green 
is the x-axis, red corresponds to the y-axis and blue is the z-axis.) (d) Shows the 
mass spectrum for the analysis region shown in (a). (e) Zoom in of the mass 
spectrum for the region marked by the black box in (d). The peak for H2O is clearly 
visible. The high intensity of this peak does not fit the isotopic ratios as expected 
for O2+. In comparison to Figure D.6 (b) the maximum ionic count for both F and 
H2O are 5 times lower in the freshly prepared sample, validating the role of tBP 
both as an agent to improve miscibility and reduce the moisture content of the hole 
transport layer. 
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