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Nanomaterials are expected to enable significant advances in several technological fields 

in coming years. Among them, electronics has emerged as one of the most likely 

benefactors from the ability to control matter on the nanometer-scale. For many 

electronic devices synthesized nanomaterials must be integrated into thin film structures. 

Vapor-based deposition methods are currently the dominant technology for achieving the 

majority of these thin films, however solution-based approaches have gained significant 

interest in recent years for the potential for cheaper, faster and more efficient methods of 

deposition. In order to obtain functional electronic thin films via solution routes 

significant research has been invested in developing the synthetics methods, 

characterizing the as-synthesized nanomaterials and developing thin film integration 

strategies. This dissertation explores each of the above steps using three different material 

systems. CuInSe2 nanoparticles were synthesized using a microwave-assisted approach 

where the precursor chemistry was designed to optimize energy input and control over 

reaction conditions. The nanoparticle inks were characterized for size, structure, 

composition and optical properties as potential precursors to thin film solar cells. The 



 

 

inorganic aqueous-based system Hf(OH)4-2x-2y(O2)x(SO4)y∙qH2O (HafSOx) was 

investigated in the context of its promising nanopatterning capabilities. The material was 

characterized at different steps of the patterning process, ranging from solution precursors 

to final nanopatterns, to understand key factors driving patterning performance in this 

system. Finally, an aqueous-based approach was developed for the deposition of thin 

films of Ga2-xWx/2O3- as a candidate low dielectric constant material. These films were 

characterized for structure, composition, optical properties and dielectric performance. 

Together, these studies should serve to advance the emerging field of solution-based 

electronics. 
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CHAPTER 1 

INTRODUCTION 
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In 1959 renowned physicist Richard Feynman delivered his famous lecture 

“There’s Plenty of Room at the Bottom” discussing the potential technological 

implications of controlling matter on the near atomic scale. This is often coined the 

beginning of the era of nanotechnology. Since then, research and development related to 

nanomaterials has skyrocketed due to the vast number of potential applications benefiting 

from the use of materials with nanoscale dimensions. For example, the National 

Nanotechnology Initiative will have invested over $20 billion by the end of 2015 in 

nanotechnology-related research in the U.S.1 Nanomaterials offer the potential for novel 

and revolutionary breakthroughs in many of the global grand challenges facing scientists 

and engineers today including medicine2, sustainable energy3 and water treatment4. In 

addition, the field of electronics5 has emerged as one of the most likely benefactors of 

nanomaterials research in the immediate future for areas such as displays6, lighting7, 

integrated circuits (ICs)5 and photovoltaics8. A common theme of many of these 

electronic devices is the requirement for thin film structures. That is, films of material 

ranging in thickness from less than 10 nm to several μm. As such, a critical step in the 

development of many nanoelectronics is the integration of nanomaterials into thin film 

architectures. 

 The thin film materials present in the majority of high performance electronic 

devices (including those which we use today) are typically deposited using vacuum based 

processes. Such processes allow for extreme control over deposition conditions resulting 

in high quality thin films and other more complex nanostructures. However, the nature of 

these processes makes them inherently wasteful and expensive. Furthermore, it is energy 
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intensive to maintain low pressure vacuum chambers. This scales with the size of the 

chamber and makes such processes less appealing for large area depositions. It should be 

noted that these limitations are currently far from prohibitive for most commercial 

applications and the use of vacuum based techniques will dominate many thin film 

technologies for the foreseeable future. However, solution based approaches to thin film 

deposition have gained significant interest in recent years. Such processes offer several 

potential advantages over traditional vacuum based methods. For example, using a 

solution precursor opens the door to large area and high throughput processes such as 

printing methods, where significant infrastructure already exists. This makes solution 

based processes particularly appealing for large-area applications such as optical coatings 

and thin film solar cells. Solution based methods also offer the potential for significant 

cost reduction and increased materials utilization by directly patterning functional inks. 

Finally, such processes open the door to a virtually unlimited precursor design toolbox 

available to the solution chemist. 

There are several routes to obtaining thin films via solution based methods, many 

of which rely on the controlled synthesis of nano-sized materials for use as the film 

precursor. Many of these approaches are analogous to the sol-gel method. In sol-gel 

synthesis a solution containing dissolved precursors evolves from the monomeric species, 

to colloidal particles, and finally an interconnected network of solid material in solution 

known as a gel. This gel can then be further processed to, for example, drive off solution 

constituents resulting in a dry metal oxide powder. Observation of the sol-gel approach 

dates back to the mid-1800s, while significant interest in the process ensued during the 



4 

 

 

mid-1900s for generation of bulk ceramic oxide powders.9 More recently (1980s) the 

field has grown to encompass thin films, particularly metal oxides for electronics 

applications.10 In such processes the solution containing the colloidal species may be 

used to deposit a film via spin coating, dip coating, or spraying. The film is then typically 

subjected to similar heat treatments to drive off solution constituents, densify and/or 

crystallize the material. Finally, the thin film can be further processed and/or integrated 

into device structures depending on the application. This process is illustrated in Figure 

1.1, where emphasis is placed on the processing steps used in this dissertation. 



5 

 

 

 

Figure 1.1 Schematic showing the primary steps leading to thin film structures derived 

from solution based nanomaterials in this dissertation. 

 

Because the desirable film thicknesses can be as small as sub-10 nm, film quality is 

critically dependent on the species present in the solution precursor. For example, 

particles should be small relative to film thickness and uniform in terms of size and 

composition in order to generate correspondingly dense and uniform films desirable for 

many electronics applications. As such, significant research on thin films derived from 
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sol-gel related processes has shifted to controlling the nanoscale solution species and 

understanding the role of these particle properties on the resulting thin film quality. For 

example, polyoxometalate (POM) clusters of sub-nm size can be synthesized in aqueous 

solutions and their structure can be largely controlled as a function of pH. This allows for 

precursor design on the near atomic scale, where assembly of such POMs can be used to 

form dense thin films or other complex nanostructures.11,12,13 Alternatively, nanoparticles 

of larger dimensions (typically > 2 nm) can be synthesized in solution with a high degree 

of uniformity over the size, shape and structure of the material. Such nanoparticles can be 

further functionalized to control their surface properties to, for example, attack cancer 

cells in vivo, or tune optical properties for use in solar cells, optical sensors, or light 

emitting diodes.7 

In considering the process of generating thin films from solution based 

nanomaterials it is in many cases prudent to separate into three primary steps: 

1. Development of the synthetic method 

2. Characterization of as-synthesized nanomaterials 

3. Integration and characterization of thin film structures 

Each of these steps is critical for achieving the high quality thin films appropriate for 

their respective applications. In this work these steps are addressed using three different 

material systems, each of which is related to the fabrication of next generation electronic 

devices, which is the unifying theme of this dissertation. The degree to which each study 

addresses the aforementioned steps varies for each system. A brief introduction to each is 
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included below, while a more detailed technical background is provided at the beginning 

of each of the respective chapters. 

 

Nanoparticle-Based Thin Film Solar Cells 

In chapter 3 a microwave-assisted approach was used for the solution-based 

synthesis of CuInSe2 (CIS) nanoparticles (NPs). CIS and its alloys with gallium (CIGS) 

are considered promising candidates for the absorbing layer in thin film solar cells. CIS 

solar cells have demonstrated efficiencies greater than 20% when deposited via vacuum 

based methods.14 The use of CIS NPs for solar cell fabrication is a solution based 

alternative where particles of the desired crystalline phase are synthesized and 

functionalized with organic ligands prior to incorporation into the photovoltaic device 

structure.15 This allows for a stable NP precursor dispersion known as an ink and opens 

the door to large scale printing technologies. Whereas traditional NP synthesis utilizes 

heating by thermal conduction, here microwaves were used as the energy input for the 

reaction. This alternative method offers uniform volumetric heating of NP precursor 

solutions due to the radiative nature of the heating. Furthermore, NP chemistries were 

chosen such that selective heating and decomposition of one of the precursors preceded 

nucleation, offering a high degree of control over reaction conditions. This research 

involved primarily steps 1 and 2 in the above process, where efforts were primarily 

invested in the development of precursors, optimization of reaction conditions, and 

characterization of the as-synthesized nanoparticles as a function of these parameters. It 
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is expected that these studies will contribute to the development of low cost NP based 

thin film photovoltaics as a potential next generation sustainable energy source. 

 

Polyoxometalate-Based Inorganic Resists 

In chapter 4 an aqueous based inorganic photo- and electron-beam resist of 

nominal formula Hf(OH)4-2x-2y(O2)x(SO4)y·qH2O (HafSOx) is investigated. The synthetic 

approach for this thin film material was developed prior to these studies16,17 and this 

contribution involved a more detailed characterization of the chemistry governing the 

lithography process of the system. The incentive for investigating HafSOx lies in the 

continued scaling of integrated circuit device structures known generally as Moore’s law. 

The nanoscale patterning required in such structures is achieved through lithography 

based processes requiring resist materials capable of transferring a latent image into the 

underlying layer(s). Traditionally, polymer based chemically amplified resists have been 

used which were capable of acceptable levels of resolution (distance between patterned 

features) while displaying very good sensitivity (energy required to induce the desired 

chemical change in the material) allowing for high throughput manufacturing of many of 

the products we use today.18 However, as the required feature sizes decrease a 

fundamental limitation is encountered in these materials related to the polymer structure, 

photoacid diffusion length and film thickness. This results in large pattern edge 

roughness, diffusion-limited resolution and high aspect ratios leading to pattern collapse. 

The 2013 International Technology Roadmap for Semiconductors has projected 

the 7 nm technology node (i.e., the distance between identical features in an array is 
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approximately 7 nm) for the year 2017. New resist materials will inevitably be required 

for realization of this technology. A promising class of materials for this purpose are 

known generally as inorganic resists. Such materials offer several advantages over 

traditional polymer based resists including significantly improved resolution, low edge 

roughness and high etch resistance enabling use of much thinner layers for the desired 

subsequent etch. The primary downfall of inorganic resists are their low sensitivity, 

where the required energy dose of all reported materials to date capable of sub-10 nm 

patterning is prohibitively high for large scale manufacturing using current exposure 

tools. Thus, future technology nodes will require both innovation in equipment (for 

higher resolution and higher throughput exposures) and innovation in materials (capable 

of transferring the high resolution exposure into a physical pattern). Recently, materials 

based on nm-sized POM clusters such as HafSOx have demonstrated high resolution 

(sub-10 nm) patterning at significantly improved sensitivities relative to other inorganic 

resists.19 This is accomplished through the functionalization of solution synthesized 

clusters with radiation sensitive ligands which are retained upon coating to form thin film 

structures. Although it was generally hypothesized that the small, discrete nature of 

solution species are largely responsible for the high resolution obtained with these 

materials, prior work has focused primarily on optimizing patterning performance.17,20,21 

In this chapter a detailed characterization of HafSOx thin films at key steps of the 

lithography process was performed to gain insight into its promising patterning 

capabilities and thus these studies focused primarily on step 3 of the above process. It is 
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expected that this research will contribute to the development of metal oxide cluster-

based thin films as potential next generation resists. 

In chapter 5 HafSOx is further investigated in the context of its promising 

lithographic qualities. Firstly, the solutions are characterized to determine the size, shape 

and stability of the kinetically stable cluster species and their evolution over time. Films 

of HafSOx are then investigated as a function of film thickness and electron radiation 

exposure during imaging, structural and compositional analysis in an electron 

microscope. This encompasses steps 2 and 3 of the above process. The direct observation 

of individual cluster species from solution and the effects of radiation exposure provide 

further insight into key processes governing high resolution patterning for HafSOx. 

 

Aqueous-Based Thin Film Dielectrics 

In chapter 6 an aqueous based approach is developed for the synthesis of gallium 

tungsten oxide (GaWOx) thin film dielectrics. The incentive for this research is based 

largely in the advancement of low dielectric constant (low-k) materials. Until recently 

progression to smaller technology nodes was accompanied primarily by the need for high 

dielectric constant (high-k) materials. However the distance between adjacent 

components has become so small that new concerns have arisen related to parasitic 

capacitance. This has necessitated the use of low-k dielectrics for current and future 

electronic devices, where the dielectric constant must shrink for each consecutive 

technology node. Typically, achieving low-k has required inducing porosity to materials 

already exhibiting relatively low-k. Recently, a study on vapor deposited GaWOx 
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reported an extremely low-k for the first time in a dense, mixed metal oxide.22 This was a 

surprising result since neither gallium oxide nor tungsten oxide are considered low-k 

materials. Furthermore, the implications of achieving low-k using a dense oxide are far 

reaching. This would enable significant reduction in complexity of manufacturing 

compared with traditional porous materials and thus these results warranted further study. 

As such, we developed a solution based approach for the synthesis of GaWOx thin film 

dielectrics. This research involved development of the synthetic approach and 

characterization of the resulting thin film structures and thus encompasses steps 1 and 3 

of the above process. 

Together, chapters 3 to 6 investigate a number of solution-based nanomaterials as 

precursors to thin films for electronics applications. This includes the development of 

synthetic approaches, characterization of as-synthesized nanomaterials, integration into, 

and characterization of functional thin films for their intended applications. Together, 

these studies should serve to advance the emerging field of solution-based electronics. 
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CHAPTER 2 

ANALYTICAL TECHNIQUES 
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A number of analytical techniques were used for the collection and analysis of 

data throughout this dissertation and a short overview of each is presented here to aid the 

interested reader. As such, the detail provided is roughly proportional to the degree with 

which the technique was used for these studies. Furthermore, since a comprehensive 

overview is beyond the scope of this section, particular emphasis is placed on a 

description of the technique and related analysis in the context in which it was used in 

this dissertation. 

 

Scanning Electron Microscopy 

The imaging resolution limit (d) in an optical system is commonly described by 

the Raleigh criteria 

𝑑 =
0.61λ

𝑛 sin 𝜃
 

where λ is the wavelength of the imaging radiation, n the refractive index of the viewing 

medium and θ the semi-angle of the lens. This represents the fundamental limit imposed 

by diffraction for any imaging source with wave-like nature. Thus, optical microscopes 

possess a fundamental limitation in imaging resolution corresponding to the wavelength 

of light (d ≈ 200 nm). In 1924 Louis-Victor de Broglie published his dissertation 

asserting that all matter moves with wave-like nature and that the wavelength is related to 

momentum (p) and Planck’s constant (h) as follows 

λ =
ℎ

𝑝
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Shortly thereafter it was proposed that electrons, with particle momentum much larger 

than that of visible light, may be used to generate an image with significantly improved 

resolution and thus the field of electron microscopy was born. The two most common 

types of electron microscopes are the scanning electron microscope (SEM) and 

transmission electron microscope (TEM), which are discussed below. SEM and TEM are 

similar in many respects, with a few key differences which will be addressed. It is 

prudent to discuss SEM by separating into four main features of operation:  electron 

source, electron optics, electron-sample interactions and detection. A schematic 

including the main features of an SEM is shown in Figure 2.1 and each of them are 

discussed below. 
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Figure 2.1 Schematic showing some of the main components in an SEM. 

 

This section is concluded with a brief summary of resolution limitations in an SEM 

which leads naturally to the following section discussing TEM. 

 

Electron Source 

At the top of the instrument an electron source (i.e., electron gun) is used to 

generate electrons. This is typically done through one of two primary mechanisms, 

namely thermionic emission and field emission. In a thermionic emission source, a 

filament (typically a high melting point metal such as W) is heated to temperatures 
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sufficient for spontaneous emission of electrons. In a field emission source a material 

(typically with low work function) is sharpened to a tip and a sufficiently large electric 

field is applied between the tip and an anode to induce electron tunneling from the source 

material. Most high quality modern day SEMs use field emission sources, which are 

typically more expensive but produce much higher brightness (A/cm2•Str), ultimately 

resulting in improved signal to noise. The generated electrons are then directed down the 

column via a second anode located below the electron source. This applied potential is 

known as the operating voltage and dictates the final energy of the electrons incident on 

the sample, which typically ranges from 1 to 50 keV in an SEM. 

 

Electron Optics 

After generating the electron beam and accelerating it downward as shown in 

Figure 2.1 the goal is then to converge the beam to as small a point as possible (typically 

1 to 10 nm) at the sample surface located at the bottom of the column. This is done using 

a system analogous in many ways to the lenses in an optical microscope. However, unlike 

a light microscope where glass lenses are used to manipulate the trajectory of light, 

electromagnetic lenses are used to manipulate the trajectory of electrons. The applied 

current to the electromagnet is used to control the magnetic field strength and thus the 

overall path of the electrons. In the case of SEM and scanning-TEM (STEM) (discussed 

below) additional electromagnets known as scanning coils are used to scan the beam in a 

horizontal and vertical direction. Thus, the function of the electron optics are to condense 

the beam to a fine point and to scan this beam across the sample region of interest on a 



17 

 

 

pixel by pixel basis. Signal is detected following the illumination of each individual pixel 

which can be used to form an image. Because analysis is performed on a pixel by pixel 

basis, this opens the door to analytical mapping techniques as discussed below. 

 

Electron-Sample Interactions 

Many different ionization processes occur upon interaction of the high energy 

electron beam with the sample leading to emission of a variety of types of radiation. 

Several of these are commonly used to gain information about the sample in an SEM and 

are discussed here. Secondary electrons (SEs) are the most common type of radiation 

detected in an SEM and are used for generating a sample image. SEs result from inelastic 

collisions of the primary electron beam with the sample resulting in re-emission of low 

energy electrons (<50 eV). Thus, during this operating mode it is electrons from the 

sample, rather than the incident beam, which are detected to form an image. This is in 

contrast with traditional optical microscopes where the source radiation scattered from 

the sample surface is used to form an image. The difference in number of generated SEs 

at each pixel yields the image contrast. Because SEs are relatively low in energy, the 

escape depth is small (typically <5 nm) and thus secondary electron imaging is highly 

sensitive to surface topography. The second type of radiation generally used for imaging 

in an SEM is backscattered electrons (BSE). These result from elastically scattered 

electrons from the primary beam with the nuclei of atoms in the sample. As such, the 

energy of BSE are similar to that of the primary beam and thus have larger escape depths 

(≈10 to 100 nm) compared to SEs. This results in poorer sensitivity to surface 
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topography, however the scattering yield increases significantly as a function of atomic 

weight (Z) and thus this mode is commonly used for Z-contrast imaging. In addition to 

image formation, re-emitted radiation may be detected to gain additional information 

about the sample. For example, characteristic X-rays may be detected yielding 

composition information in a technique known as energy dispersive X-ray spectroscopy 

(EDS) which is discussed further below. Additional forms of radiation commonly 

detected in an SEM include Auger electrons which yield high resolution composition 

information and BSE which undergo diffraction in the sample prior to detection which 

can provide crystallographic information in a technique known as electron backscattered 

diffraction (EBSD). 

 

Detection 

Generally, a different type of detector is needed to collect each of the 

aforementioned types of emitted radiation enabling the corresponding analysis. Both SEs 

and BSEs are typically measured using an Everhart-Thornley detector which consists of a 

scintillator surrounded by a Faraday cage. Electrons of a particular type enter the Faraday 

cage and are accelerated to high voltage (≈10 kV) before entering the scintillator where 

they are converted to photons. The photons enter a photomultiplier tube where the signal 

is amplified and finally converted to an electrical signal output which is used to form an 

image. The two techniques typically used to discriminate between collection of SEs and 

BSEs are the location of the detector (relative to the sample) and the use of an applied 

bias to the detector. Most commonly, a dedicated SE detector is mounted at an angle 



19 

 

 

relative to the sample surface and a small positive bias is applied to the detector. This 

bias is sufficient to attract the low energy SEs but not higher energy BSE. Alternatively, a 

dedicated BSE detector is typically located directly above the sample since this is the 

angle at which backscatter yield is maximized. For EBSD, a phosphor screen located at a 

large angle (≈70°) relative to a smooth crystalline sample is used to form diffraction 

images where contrast is given by BSE satisfying the Bragg condition. For Auger 

electron spectroscopy (AES) the Auger electrons are detected using an electron 

spectrometer yielding a spectrum of electron intensity versus electron kinetic energy 

which can be used for composition analysis. The EDS detection process is discussed 

below. 

 

Resolution Limitations 

As mentioned previously, the achievable resolution of an optical system is 

proportional to the wavelength of the radiation source. In the case of optical microscopes, 

wavelength is the dominant factor limiting resolution. In electron microscopes, it is 

predominantly imperfections in electron optics (leading to aberration) and the nature of 

sample interaction with the primary electron beam. As such, while the achievable 

resolution in an optical microscope of λ = 550 nm is typically around 200 nm, the 

achievable resolution in an SEM of λ = 0.04 to 0.005 nm is typically around 1 nm. The 

three main types of optical imperfections in an electron microscope are spherical 

aberration, chromatic aberration and astigmatism. These imperfections are significantly 

more limiting in a TEM (see further discussion below). In an SEM, the nature of the 
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electron beam-sample interactions plays a more significant role in resolution limitation. 

There exists a characteristic interaction volume associated with each type of re-emitted 

radiation related to scattering effects and attenuation length (i.e. escape depth) in the 

sample. This is illustrated in Figure 2.2 where the total depth of interaction is on the order 

of μm. 

 

Figure 2.2 Schematic showing the interaction volume of commonly detected re-emitted 

radiation in an SEM. 

 

As seen, when imaging using SE one is largely limited to the spot size of the primary 

electron beam and resolution can approach 1 nm. On the contrary, the resolution limit 

during X-ray detection (EDS) in on the order of μm. The exact nature of the interaction 
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volume for each type of re-emitted radiation is dependent on the sample material, the 

primary electron beam energy and the escape depth of the radiation. 

 

Focused Ion Beam 

Ions, like electrons, are charged particles with a characteristic wavelength related 

to their momentum. As such, a focused ion beam (FIB) may be used to image a specimen 

in many ways analogous to electrons and thus many modern day SEMs contain both 

electron and ion beams. However, typical SEM operation is considered a non-destructive 

technique while FIB is destructive. This is because the mass of ions are ≈105 time larger 

than that of electrons and this relatively large mass results in sputtering of sample 

material through ion collisions. Because the ion beam can be focused to a small point 

similar to an electron beam, this opens the door to micro- and nano-fabrication. 

Patterning of features on the order of 10 nm has been demonstrated using FIB.23 Another 

common application of FIB is nano-machining for generation of thin lift-outs that enable 

cross-sectional analysis of the material in a TEM. This is a common and powerful 

method of investigating thin film materials at high resolution and the process for 

generating such a sample is illustrated in Figure 2.3. 
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Figure 2.3 SEM images showing the FIB lift out process (from left to right) for preparing 

cross-sectional TEM samples. Adapted with permission from reference.24 

 

In short, the FIB is used to etch out a thin slice of material from the specimen of interest. 

A mechanical omniprobe is then used to transfer this μm-sized lift-out to a TEM grid. 

Once attached to the grid, the lift-out is further thinned using the FIB to a thickness <100 

nm in preparation for TEM analysis. 

 

Transmission Electron Microscopy 

Overview 

The principles and operation of a transmission electron microscope (TEM) are 

similar in many ways to that of the SEM described above, with a few key differences. A 

schematic outlining the main components in a typical TEM is shown if Figure 2.4. 
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Figure 2.4 Schematic showing the main components in a TEM. Adapted with permission 

from reference.24 

 

As with the SEM, electrons are generated at the top of the instrument and accelerated 

downward through an evacuated column to an energy equal to the acceleration voltage in 

keV. The beam path is manipulated via applied currents to electromagnets throughout the 

column and finally the electron beam interacts with the specimen. However, unlike SEM 

the electron beam is transmitted through the specimen. This fundamental difference 

introduces both significant limitations and distinct advantages for the technique. The 

most obvious limitation relates to sample geometry. That is, the specimen thickness must 

be thin enough to transmit a flux of electrons sufficiently large for reasonable detection 

levels. For typical electron energies this corresponds to samples thicknesses < 100 nm. 

TEM is one of the most widely used techniques in the field of nanotechnology. Some 
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samples may be investigated as-is such as nanoparticles dispersed onto a TEM grid, while 

others may require significant sample preparation to achieve sufficiently thin materials, 

such as the FIB lift-out method described above. There are several operating modes 

available in a typical TEM, each of which offers a plethora of analytical power. The 

primary operating modes used in the work throughout this dissertation are discussed 

below. 

 

Bright Field TEM 

The most basic imaging mode available is bright field (BF) TEM. In this mode 

electrons are transmitted through the entire sample area of interest simultaneously as a 

parallel beam and the image contrast is formed simply by spatial distribution of electron 

density transmitted through the sample. An image is then formed from the transmitted 

electrons using a phosphor screen or a CCD camera. At low magnifications, the image 

contrast typically arises from variation in sample thickness and/or material composition 

(higher atomic weight materials transmit fewer electrons). At high magnifications, image 

contrast arises from electron interference phenomena and interpretation becomes 

significantly more complex. Such analysis is typically sub-classified as high-resolution 

TEM (HRTEM). Figure 2.5 shows an example of BF-TEM imaging of the same HfO2 

thin film at low and high resolution. 
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Figure 2.5 Cross-sectional TEM sample of HfO2 thin film during bright field imaging 

mode at low (top) and high (bottom) resolution. 

 

In both cases, the HfO2 film appears darkest due to the high electron density of this 

material relative to the other layers leading to decreased electron transmittance. In the 

low resolution image, each layer is essentially uniform in contrast, dominated by relative 

electron density of the respective materials. In the high resolution image significant 

variation is observed at the atomic-scale. This results in a salt and pepper pattern in the 

case of the amorphous materials such as the HfO2 and SiO2 and periodic dots in the case 

of the crystalline Si substrate. These dots arise from electron interference patterns 

through the cubic crystal structure and can interpreted as columns of Si atoms. 
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Scanning Transmission Electron Microscopy 

Similar to the SEM described above, the electron beam in a TEM can be 

condensed to a point <1 nm in diameter and rastered across the sample on a pixel by pixel 

basis. Unlike SEM, the electron beam is transmitted through the sample prior to detection 

and the technique is known as scanning transmission electron microscopy (STEM). As 

with SEM, this mode of operation allows analytical techniques with spatial resolutions 

approaching the size of the electron beam diameter. A commonly used subset of STEM is 

high angle annular dark field (HAADF) imaging. In this mode an annular shaped detector 

is located near the plane of the sample such that there is a large angle between the 

primary electron beam and the detector. Electrons that are scattered from the sample and 

collected by the annular detector are used to form an image. Because electron scattering 

yield is a strong function of atomic weight (Z) this mode is particularly sensitive to 

variation of the atomic identity of the material and is commonly referred to as Z-contrast 

imaging. However, it should be noted that other factors (such as sample thickness) still 

contribute to image contrast and again the need for expert interpretation is required.25 An 

example high resolution HAADF-STEM image is shown in Figure 2.6. 
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Figure 2.6 Cross-section TEM sample of LaFeO3 thin film during high resolution 

HAADF STEM imaging mode. 

 

The sample consists of a thin film of epitaxially grown LaFeO3 on Y doped ZrO2 

substrate. As with the BF-TEM image in Figure 2.5, spots are observed corresponding to 

columns of atoms in the cubic crystal structure of the LaFeO3. However, significant 

variation in contrast is observed among the spots, where columns of La atoms appear 

much brighter than columns of Fe atoms. The higher atomic weight (electron density) of 

La leads to significantly increased scattering yields and appears brighter in this dark field 

image. 
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Electron Diffraction 

Like X-rays, electrons undergo diffraction phenomena at length scales on the 

order of interatomic spacings as described by Bragg’s law (see XRD section below). As 

such, electron diffraction techniques are commonly used in crystallography studies and 

often yield complementary information to XRD experiments. One key difference is the 

small analytical spot size in the TEM. This allows for inspection of crystalline regimes as 

small as sub-100 nm while XRD experiments typically analyze large (several mm) areas. 

The ability to capture electron diffraction patterns during TEM analysis lies in the 

relationship between real (image) space and reciprocal (diffraction) space when 

considering a periodic structure (i.e., a crystal). Figure 2.4 shows a TEM operating in 

normal bright field mode where electrons are transmitted as a parallel beam through the 

entire sample area of interest. To form an image of the sample, a detector is inserted into 

the image plane following the magnification and projection provided by the final 

objective lens. This is considered the real space image since it is has simply been 

magnified and projected relative to the plane of the sample. Intermediate between the 

final objective lens and the image plane lies the back focal plane which contains 

information related to the constructive interference that has occurred during electron 

transmission through the sample. Inserting a detector into this plane allows acquisition of 

electron diffraction patterns. 

Selected area electron diffraction (SAED) is the most commonly used TEM 

diffraction technique (sometimes referred to simply as electron diffraction or ED) and 

follows the setup shown in Figure 2.4. That is, electrons are transmitted through the 
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sample as a wide parallel beam and a selected area aperture is inserted to block most of 

the beam and allow for inspection of regions as small as ≈100 nm. If the material consists 

of crystalline regions in the sampled volume diffraction spots will be observed in the 

back focal plane. The location (spacing), orientation and intensity of these spots yields 

information on the crystalline structure of the material relative to the direction of the 

electron beam. As such, SAED is one of the most commonly used techniques for 

determining crystallographic phases of small volumes of material such as nanoparticles 

or thin films. An example SAED pattern of a multicomponent metal thin film is shown in 

Figure 2.7. 

 

Figure 2.7 SAED pattern of multicomponent amorphous metal thin film (left) and the 

same film following 900 °C annealing leading to crystallization of nm-sized regimes 

(right). 

 

Before annealing, the film is structurally amorphous and the SAED pattern consists only 

of a faint diffuse ring indicative of short range order. The distance between the ring and 

the center of the SAED pattern (i.e., the un-diffracted primary electron beam) 
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corresponds to the average distance between atoms in the material. After annealing to 

900 °C significant changes are observed in the SAED pattern due to the onset of 

crystallization. The diffuse ring is replaced with discrete spots corresponding to long 

range order and indicative of crystalline structure. The distance between each spot and 

the center of the SAED pattern corresponds to the interatomic spacing responsible for the 

diffraction event and the radial location of the spot is related to the crystal orientation 

relative to the incident electron beam. As the number of crystallites of varying geometry 

increases, the discrete spots eventually become indecipherable and instead discrete rings 

are observed, which is the case for most polycrystalline materials. An SAED pattern at a 

single orientation is usually sufficient to index a crystal, though more detailed 

experiments may be conducted where the sample undergoes a series of tilts during 

analysis. This allows for collection of diffraction patterns at multiple orientations 

resulting in a more conclusive assignment of the 3-dimensional structure. 

Convergent beam electron diffraction (CBED) differs from SAED in that the 

beam is converged to a small spot on the sample. More complex interference phenomena 

occurs in this case and the resulting diffraction pattern consists of disks rather than spots. 

As a result, CBED is often more difficult to interpret but typically contains more detailed 

information relating to crystal symmetry and defects and thus is a powerful technique for 

investigating new materials and complex structures. Because the analytical spot size of 

CBED is limited by the convergence size of the electron beam (rather than a physical 

aperture) analysis of areas as small as sub-10 nm can be achieved making it well suited 

for investigation of ultra-small sample areas. 
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The image plane (real space image) and back focal plane (diffraction pattern) are 

related mathematically by the Fourier transform (FT). As such, it is common practice to 

collect an HRTEM image of a crystalline material, apply a FT to the image, and analyze 

the resulting pattern in a way similar to that of an SAED pattern. However, it should be 

noted that this is not a diffraction pattern but rather a mathematical transformation of the 

real space image. Under the ideal conditions of imaging a single crystal along a zone 

axis, the location and orientation of spots in the FT pattern and SAED pattern would 

appear virtually identical if the real space image is properly focused (although the FT 

would still not contain information related to the brightness of the spots). However, when 

imaging imperfections exist (such as poor focus, astigmatism, sample drift, etc.) these 

imperfections are captured by the FT and it deviates from the true electron diffraction 

pattern. Thus, care must be taken when analyzing FTs of real space images for 

determining structure information as these are not truly electron diffraction patterns. 

 

Electron Energy Loss Spectroscopy 

In transmitting through the TEM sample many electrons undergo inelastic 

collisions resulting from various electronic, vibrational or other excitations in the 

material. The energy loss of the transmitted electrons relative to the primary electron 

beam can be measured with an electron spectrometer in a technique known as electron 

energy loss spectroscopy (EELS). EELS is commonly used for determining atomic 

composition via energy losses corresponding to ionization of core level electrons. 

Because the ionization energy (and thus electron energy loss) is dependent on the 
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chemical environment, this technique can provide information beyond simple 

composition measurements, such as the phase of a material or the oxidation state of a 

metal. Unlike energy dispersive X-ray spectroscopy (EDS, discussed further below), 

EELS is particularly suitable for analysis of low atomic weight (low-Z) materials such as 

C and O. Quantifying these low-Z materials is less reliable or not possible via EDS and 

thus the two techniques offer complimentary methods of composition analysis. In 

addition to chemical information, the TEM sample thickness can be estimated using 

EELS by measuring relative intensities in energy loss and using a known electron mean 

free path for the material. 

 

Resolution Limitations 

TEM is commonly touted as enabling higher resolution analysis than that of SEM, 

such as the direct imaging of atomic structure. This is generally true and is related 

primarily to the difference in electron beam-sample interactions between the two 

techniques. It is prudent to revisit Figure 2.2 showing the interaction volume of various 

secondary emissions. During a TEM experiment, the sample consists of only the top 

“slice” of this volume and thus re-emission (in the case of STEM analysis) is confined to 

a very small volume relative to the bulk sample analyzed in SEM. As a consequence 

many of the analytical modes accessible in both techniques have significantly improved 

resolution in TEM simply due to sample geometry considerations. This is particularly 

relevant for detection of characteristic X-rays (see EDS section below), where the spatial 

resolution is on the order of μm in SEM and sub-10 nm in TEM. Hence, resolution in a 
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TEM is limited not by electron-sample interaction volumes but rather imperfections in 

the electron optics. 

As mentioned above, the three main types of optical imperfections in an electron 

microscope are spherical aberration, chromatic aberration and astigmatism. Spherical 

aberrations arise due to imperfect focusing of the off-axis electrons, chromatic 

aberrations due to the inability to generate single wavelength electrons, and astigmatism 

due to non-uniformity in the applied magnetic fields. Chromatic aberration contributes a 

less significant role since technological development of electron sources has enabled near 

monochromatic beams, although energy loss occurs upon sample interaction and thus the 

aberration is partially sample-dependent. Astigmatism is mostly accounted for by user-

controlled corrections via application of additional magnetic fields to compensate for 

existing imperfections. Until recently spherical aberration was the main contributor to 

resolution limitation, which for the best TEMs during the 1980s was ≈2.4 Å.24 However, 

in the last 10-20 years spherical aberration correctors (Cs) have enabled sub-Å point 

resolutions allowing for incredible levels of detail such as visualization of interatomic 

electron density in graphene.26 Despite the significant advances in recent years, electron 

optics remain the primary limitation in achieving the fundamental diffraction-limited 

resolution of electrons on the order of 0.01 Å. 

 

Energy Dispersive X-ray Spectroscopy 

As mentioned above, X-rays are one of the many forms of re-emitted radiation 

following illumination with high energy electrons. Upon colliding with the material the 



34 

 

 

incident electron is of sufficient energy to eject a core level electron in the material. 

When this occurs, a higher valence electron falls to fill the unoccupied state, and the 

energy difference can be emitted as a photon. The dominant electronic transitions 

observed under these conditions corresponds to X-rays with 1 to 10 keV photon energy, 

or equivalently 1 to 10 Å wavelength. This process is illustrated in Figure 2.8. 

 

Figure 2.8 Schematic showing possible relaxation processes resulting in X-ray emission 

following ejection of a core level electron. 

 

Because the energy of the emitted X-rays is dependent on the electronic structure of the 

parent atom they are characteristic of the parent atom identity. Thus, this technique is 

used to determine the atomic composition of the sample and is typically available in most 

SEMs and TEMs. A commonly used EDS detector is the Si drift detector (SDD). Pulses 
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of X-rays captured by the Si detector generate electron-hole pairs which results in a 

current. The number of electron-hole pairs generated is proportional to the X-ray energy 

and thus the techniques is deemed energy dispersive. The nature of this measurement 

introduces an energy resolution limit on the order of 0.1 keV and thus care must be taken 

in analyzing EDS data containing materials with significant overlap in characteristic X-

ray emission. A similar technique known as wavelength dispersive X-ray spectroscopy 

(WDS) discriminates between X-rays based on wavelength by using a crystal and the 

associated diffraction phenomena allowing for higher energy resolutions. As mentioned 

in the SEM and TEM sections above, the spatial resolution of this technique is largely 

limited by multi-scattering effects resulting in X-ray emission far from the location of the 

incident electron beam and thus the sample geometry enables significantly higher 

resolution in TEM. It should be noted that X-rays generated from non-sample 

components via multi-scattering effects (such as the TEM grid or sample holder) may 

also be detected and thus care must be taken before assigning all detected EDS 

composition to the area of analysis. 

 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely used and powerful technique 

in the area of surface science. XPS differs from EDS in that the radiation source is X-rays 

and that photoelectrons are detected.  Ultra-high vacuum is used to avoid inelastic 

scattering of the photoelectrons with the gas phase after they exit the sample. Upon 
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irradiating the sample with X-rays, photoelectrons are ejected with kinetic energy (KE) 

defined as 

𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − Φ 

where hν is the X-ray energy, BE the binding energy of the electron and Φ the 

spectrometer work function. By detecting the kinetic energy one is able to infer the BE of 

the electron in the material. The distribution of BEs yields information related to the 

sample including the atomic identity, chemical environment (e.g. oxidation state, bonding 

configuration), atomic concentrations, and other electronic properties. XPS is commonly 

used for composition measurements, though more detailed experiments may be 

performed to gain significant insight into the chemical environment of the material. As 

with the SEs from SEM imaging described above, the low energy photoelectrons 

measured during an XPS experiment have short attenuation lengths and the majority of 

detected photoelectons originate from approximately the top 2 to 3 nm of material 

making the measurement inherently surface sensitive.  This makes XPS one of the most 

widely used surface characterization techniques for applications ranging from catalysis, 

corrosion, electronic material interfaces and process development, and understanding the 

chemistry of interfacial phenomena. Care must be used to minimize surface 

contamination prior to analysis.  Surface contamination can lead to issues when analyzing 

samples where it may be difficult to separate impurity peaks from those from the sample. 

As such, a light sputter may be performed prior to analysis to remove impurities such as 

adventitious carbon. Higher sputtering currents or longer sputtering times may be used to 

ablate material and collect XPS spectra as a function of sputter time in order to generate 
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depth profiles of the sample. In this case care must be taken to consider the effects of ion 

beam damage which commonly results in reduction in the material oxidation state, 

preferential sputtering of elements, and other experimental artifacts. 

 

X-Ray Diffraction 

X-ray diffraction (XRD) is perhaps the most commonly used technique for 

investigating the crystal structure of materials. The basic operating principle is quite 

simple, though experiments and data interpretation can vary in complexity depending on 

the information of interest. In short, X-rays are generated from a source, are directed 

toward the sample and diffracted X-rays are detected as function of angle yielding 

crystallographic information. X-rays are typically generated via X-ray vacuum tubes, 

where a filament (cathode) is resistively heated to temperatures sufficient to induce 

significant thermionic emission of electrons. An applied field is used to accelerate these 

electrons toward the X-ray source (anode), which is composed of a metal such as Cu. The 

interaction of high energy electrons with the anode results in the generation of X-rays 

(see energy dispersive X-ray spectroscopy section above for further discussion). These X-

rays are directed toward the sample of interest at an angle relative to the surface. Because 

the X-ray wavelengths are on the order of interatomic spacings in solid materials, 

elastically scattered X-rays (via interactions with electrons in the material) constructively 

interfere under select conditions as a function of the incident angle (θ), interatomic 

spacing (d) and X-ray wavelength (λ). This criteria is defined below and is known as 

Bragg’s law. 
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nλ = 2d sin 𝜃 

That is, for a given integer (n) number of wavelengths and incident angle, X-rays will 

constructively interfere when the interatomic spacings satisfy the Bragg condition above. 

This process is illustrated schematically in Figure 2.9, where a detector is placed at an 

equal and opposite incident angle as that of the impinging radiation and the X-ray 

intensity is monitored as a function of incident angle. 

 

Figure 2.9 Schematic of the working principle of X-ray diffraction. 

 

This diffractogram has peaks in X-ray intensity corresponding to constructive 

interference of the X-rays scattered from different planes in the sample and may be 

correlated to crystal structure and the interatomic spacings of the material. 

For the research reported in this dissertation a subset of X-ray crystallography 

known as powder X-ray diffraction is used. This assumes the sample consists of a large 

number of randomly oriented crystals such that there will be a percentage of crystallites 

that are oriented appropriately for Bragg diffraction to occur. The crystallographic phase 
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of a material may be identified using this method even for very small crystal sizes (<10 

nm) such as those often observed in nanoparticles or polycrystalline thin films. In 

addition, for sub-micron crystallites the peak broadening (β in radians) may be used to 

estimate the average crystallite (τ) size via the Scherrer Equation 

τ =
Kλ

β cos 𝜃
 

where K is a dimensionless factor related to the crystal shape. This analysis is particularly 

useful for estimating nanoparticle sizes, the degree of crystallization in polycrystalline 

materials and the transition from amorphous to nanocrystalline materials. 

 

Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible spectroscopy (UV-Vis) belongs to the class of photon 

absorption measurements where the exciting radiation is in the ultraviolet and visible 

regime (λ ≈ 200 - 800 nm). In short, light in this range is directed towards, and interacts 

with a sample and a change in intensity is measured. Photons in this range are sufficiently 

energetic to excite electronic transitions in the material. As such, UV-Vis spectra can be 

used to characterize the optical properties of a material. These properties allow one to 

determine the presence of defect species in a material (based on a distinct absorption 

characteristic) and provide insight into the electronic structure of the sample. An example 

of using absorbance data is to estimate the band gap of a semiconductor using Tauc 

analysis.27 This method utilizes the following relationship proposed by Tauc et al. 

(ℎ𝜈𝛼)1 𝑛⁄ = 𝐴(ℎ𝜈 − 𝐸𝑔) 
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where hν is the photon energy, α is the material absorption coefficient, Eg is the material 

band gap, A is a proportionality constant and n varies based on the nature of the 

electronic transition and is equal to 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, 

indirect allowed and indirect forbidden transitions, respectively. By plotting hνα vs. hν 

from absorbance data one may draw a line tangent to the inflection point and extrapolate 

to hνα = 0 in order to estimate Eg. 

 

Infrared Spectroscopy 

Infrared spectroscopy (IR) belongs to the class of photon absorption 

measurements where the exciting radiation is in the infrared regime (λ ≈ 1 - 200 μm). As 

with UV-Vis, light in this range is directed towards, and interacts with a sample and the 

change in intensity is measured. This can be done in either reflectance or transmittance 

geometry. Upon interacting with the sample, infrared light of particular wavelengths are 

absorbed corresponding to specific energy transitions in the material. IR spectroscopy is 

often sub-divided further as near-IR (≈1 to 5 μm), mid-IR (≈5 to 25 μm) and far-IR (≈25 

to 200 μm). This range of photon energies is too low to initiate electronic transitions (see 

UV-Vis above), but is sufficient to excite many vibrational and bending modes in the 

material. A change in the dipole moments in the material (via vibration or bending of the 

lattice) is required to be considered IR active. This differs slightly from Raman 

spectroscopy, where a change in polarizability of the molecule is required and thus some 

materials may be Raman active while not IR active. The change in intensity is measured 

as a function of wavelength and absorption features are used to identify vibrational or 
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bending excitations which may be used as a fingerprint method to detect the presence of 

particular species in the sample. Additional analysis of the location and shape of 

absorption features may be used to obtain more detailed information related to the 

specific excitation and the short range environment surrounding the molecule. 

Originally IR utilized dispersive spectrometers operated by monitoring intensity 

while changing the energy of the photons. These instruments have since been largely 

replaced by Fourier transform infrared (FTIR) spectrometers. In FTIR infrared light 

spanning all of the wavelengths of interest is directed to the sample simultaneously and 

the resulting signal is decomposed to yield wavelength specific absorption information by 

applying a Fourier transformation to the raw data. This typically leads to a reduction in 

collection times and improvements in signal to noise. 

An additional subset of the reflection geometry commonly used in IR 

measurements is known as attenuated total reflectance (ATR). In this method, a crystal 

with high refractive index is placed in contact with the sample and infrared light is 

directed through the crystal such that it reflects one or more times off the crystal-sample 

interface before being detected. The optical properties of the crystal and sample and the 

angle of impinging light are such that total reflectance occurs (i.e., none of the light is 

transmitted into the sample). However, upon reflecting the light does interact with the 

sample at short depths via the evanescent wave effect and in doing so the light is 

absorbed as described above and an IR absorption spectrum is acquired. The primary 

advantage of this technique is that depth of analysis is confined closely to the sample 



42 

 

 

surface (typically <1 μm) making it particularly useful for investigating thin film 

materials. 

 

Raman Spectroscopy 

As with IR, Raman spectroscopy operates by the excitation of vibrational and 

bending modes in a material with the impinging radiation. However unlike IR, the 

radiation source for Raman measurements is a laser, typically in the near-UV, visible, or 

near-IR range. The laser is directed upon the sample and scattered light is detected. A 

very small fraction of the light is inelastically scattered via interaction with specific 

vibrational/bending modes in the material. This interaction leads to a small shift in energy 

of the scattered photon which can be either higher or lower in energy than the impinging 

photon. This difference in energy is known as the Raman shift and the direction of the 

shift depends on the initial and final state of the excited mode following the scattering 

phenomenon. By detecting light over a broad range of frequencies the Raman shifts are 

observed yielding a spectrum. The location of the shifts are related to specific excitations 

and thus this technique can be used as a fingerprint method, similar to IR, in identifying 

the presence of species in a material and with more detailed analysis yields information 

about the surrounding environment. 

Although the same vibrational/bending modes are commonly observed in both IR 

and Raman, the criteria for excitation in Raman is different (i.e., a change in 

polarizability of the species) and thus the techniques offer complementary information 

and in some instances enable observation of excitations not accessible in the other. 
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Because the inelastic Raman scattering effect is very weak, significant filters are applied 

to remove the majority of the elastically scattered light and various signal processing and 

detector setups are employed to optimize detection of the shifted photons. 

 

Spectroscopic Ellipsometry 

Spectroscopic ellipsometry (SPE) is a particularly convenient and powerful 

method for investigating the optical properties of thin films, and in doing so can often be 

used to infer significant structural information as well. SPE typically utilizes light in the 

range of UV to near-IR (λ ≈ 200 nm – 2 μm). Unlike the aforementioned photon 

absorption spectroscopies, the principle of SPE does not involve the absorption of light, 

but rather the change in its polarization (i.e., electric field orientation). In a typical SPE 

experiment, light of a known polarization state is generated and directed toward the thin 

film sample as a function of wavelength and incident angle (in the case of variable angle 

SPE). At each film interface some light is reflected and some is transmitted (refracted) 

into the next layer. This process repeats at each interface and ultimately light that has 

interacted with every layer and has reflected out of the sample is detected. Upon 

interacting with each layer, the polarization state of the light is changed based on the 

optical properties of that material and this change is quantified as follows: 

ρ =
rp

rs
= tan(Ψ)eiΔ 

where ρ is the ratio of the complex parallel (rp) and perpendicular (rs) Fresnel reflection 

coefficients (relative to the source light). Ψ and Δ are related to the change in amplitude 
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and phase of the polarized light, respectively, and are the raw data collected during an 

SPE experiment. By measuring the polarization state of the detected light it is possible to 

decompose the changes into contributions by the individual film(s) present in the sample. 

This is done by creating a model of the film stack and adjusting model parameters until 

achieving an acceptable and realistic fit to the experimental data. Because the overall 

change in polarization is dependent on the thickness of each film in the stack, this 

quantity is necessarily determined during an ellipsometry experiment and thus film 

thickness determination is among the primary (and most basic) uses of SPE. The optical 

properties of many common materials have been tabulated and are typically available in 

an SPE database. Thus when analyzing a common material (e.g. Si, SiO2) it is often 

possible to assume the optical properties for the wavelength range of the SPE experiment 

and in doing so fit for other structural parameters. Although the most common of these is 

film thickness, additional quantities such as surface roughness, porosity, intermixing of 

layers and thickness non-uniformity are among the many additional structural parameters 

routinely characterized using SPE. It should be noted, however, that the optical properties 

of a particular material can change significantly from the bulk to thin film regime and 

thus the applicability of tabulated values may span a limited range of film thicknesses. 

Furthermore, very often optical properties are not available for the film(s) of interest 

(e.g., when investigating new or uncommon materials). In this case, a dispersion 

relationship may be used to describe the materials optical properties as a function of 

wavelength (λ). The most common example of this is the Cauchy model which assumes a 

completely transparent material (i.e., zero absorption in the wavelength range of interest) 
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and defines the refractive index (n) as a monotonically decreasing function of wavelength 

as shown below. 

n(λ) = A +
B

λ2
+

C

λ4
+⋯ 

Thus, upon collecting SPE data for a new material that is known to be transparent in the 

wavelength range of interest one can apply the Cauchy model and fit for ‘A’ and ‘B’ in 

an attempt to generate a function that properly describes the film refractive index at all 

wavelengths. A very common procedure for estimating the thickness of a deposited 

transparent film (e.g., most oxides) is to collect SPE data, apply a Cauchy model and fit 

for ‘A’, ‘B’ and film thickness. Additionally, this model may be used to calculate optical 

properties of a semi-transparent material to, for example, estimate the band gap in a 

semiconductor. In this case SPE data would be collected over the entire spectral range of 

interest (e.g., below and above the band gap energy of a semiconductor) and a Cauchy 

model applied to a specific range where the material is known to be transparent in order 

to fit for the film thickness and any other structural parameters. One could then fix these 

in the model and perform a point by point fit of the optical properties over the entire 

spectral range. If the resulting dispersion of optical properties is physically realistic (e.g., 

refractive index monotonically decreases with wavelength in the transparent regime, 

extinction coefficient increases near the absorption edge) then the resulting optical 

properties are likely characteristic of the sample. The obvious limitation to this model is 

the requirement for transparency (at least for some part of the spectral range of interest), 
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and thus as absorption becomes significant other strategies must be used to model the 

data, which are described elsewhere.28  

 Some practical considerations of SPE and strategy in data collection and analysis 

are now considered. As described above, an SPE experiment requires light to transverse 

each film in the sample before being detected. Thus, an obvious limitation to the 

technique is the analysis of absorbing materials, such as metals. As the metal film 

thickness increases (typically to ≈20 to 50 nm), the amount of light which reflects off the 

back interface and escapes through the film surface is attenuated to approximately zero 

and analysis becomes impossible. SPE is capable of measuring film thicknesses in the 

range of sub-nm to tens of microns for non-absorbing films. However, for very thin films 

(approximately <10 nm) strong correlation between optical properties and thickness 

exists and thus determination of both cannot be done simultaneously. In this case it may 

be beneficial to deposit a thicker film of the same material to determine optical 

properties, fix these values for the thinner version, and fit for thickness. Furthermore, in 

the case of very thin films analysis of SPE data is typically enhanced if deposited on 

another film of sufficient thickness (>50 nm) which was previously measured via SPE. 

This is because oscillations occur in the raw data for sufficiently large overall stack 

thicknesses and these oscillations are much more sensitive to change in overall thickness 

than the data typically generated for very thin films on opaque substrates. For very thick 

films (thickness >> λ), the polarization oscillations become difficult to decompose and 

ambiguity arises in generating the best fit model. Whenever multilayer structures are 

being considered (which is often the case since most substrates contain some native 
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oxide) SPE data should be collected for each layer of the film before depositing 

additional layers. This way the number of fitting parameters is reduced for the final 

analysis making the result more likely to be physically realistic. 

 

Dynamic Light Scattering 

Dynamic light scattering (DLS) is commonly used for estimating the distribution 

of particles sizes in a solution. This is accomplished by shining a laser into the solution 

and measuring the light scattered from the particles therein. If the particle sizes are much 

smaller than the laser wavelength then Raleigh scattering occurs where the light is 

scattered in all directions. Because particles constantly diffuse through solution via 

Brownian motion there is correlation between the overall intensity of scattered of light at 

time intervals corresponding to this motion. This intensity variation stems from 

constructive interference of light following scattering effects. Since the incoming light is 

coherent and monochromatic, constructive interference occurs for measurement times on 

the order of that which Brownian motion occurs. Thus, in detecting the scattered light a 

strong correlation in intensity is observed on time scales corresponding to the particle 

diffusion. As time increases and particles have diffused sufficiently far from their initial 

location the observed correlation decays to zero. This process is illustrated in Figure 2.10 

for solution containing a bimodal distribution of particles. 
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Figure 2.10 Operating principle of DLS and a qualitative example of an experimentally 

measured decay function for solution with bimodal particle size distribution. 

 

The sum of two decay functions is measured related to the correlation in scattered light 

for the small and large particles. The time scale of each decay is related to the diffusion 

coefficient (D) of the particle translating through solution. Because larger particles 

diffuse more slowly, the time scale of their decay will be larger relative to smaller 

particles. 

Assuming a spherical particle diffusing through a solution of low Reynolds 

numbers, D is related to the temperature (T), solution viscosity (η), hydrodynamic radius 

(RH) and Boltzmann’s constant (k) as defined by the Stokes-Einstein equation below. 

𝐷 =
𝑘𝑇

6𝜋η𝑅𝐻
 

The measured correlation data during a DLS experiment is fitted to one or more 

exponential decay(s) which are related to the diffusion coefficient(s). The most trivial 

case is a monodisperse population of spherical particles. In this case the diffusion 

coefficient is extracted from the experimental decay function and RH is inferred. It should 
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be noted that RH is larger than the core particle radius due to adsorption of solvent 

molecules to the particle surface which contribute to the diffusivity. When multi-modal 

distributions are present great care must be taken in interpretation of the data since 

modelling complexity increases significantly. 

 

Thermal Gravimetric Analysis 

Thermal gravimetric analysis (TGA) is a relatively straightforward technique 

where the mass change of a small quantity of material is measured during a constant 

temperature ramp. The environment is controlled depending on the nature of the 

experiment. For example, many materials will exhibit mass gains due to oxidation in the 

presence of oxygen and thus inert gas or vacuum may be used if this is not a quantity of 

interest. A common application of TGA is determination of the identity and quantity of 

adsorbed surface species on a material such as organic ligands in a dry nanoparticle 

powder. The temperature of the observed mass loss gives information relating to the 

coordination state(s) of the molecules (e.g. physisorbed vs. chemisorbed) while the 

overall mass loss can be used to infer quantities such as surface coverage when the 

surface area (e.g. nanoparticle size and shape) and ligand identity are known. 
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Thin Film Dielectric Characterization 

Thin film dielectric materials are used in many of the device structures 

comprising integrated circuit (IC) technology such as capacitors and transistors. The two 

primary roles of the dielectric layer are to store electrical charge and prevent electrical 

conduction between adjacent layers during operation. The ability of the material to store 

electrical charge is typically quantified by its relative permittivity (i.e., dielectric 

constant, κ). This quantity can be measured experimentally by incorporating the dielectric 

layer into a capacitor structure such as that shown in Figure 2.11. 

 

Figure 2.11 Example of a MOS structure operating in the accumulation regime. 

 

Assuming a parallel plate capacitor, the dielectric constant is related to the measured 

capacitance (C) via the following relationship 
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𝜅 =
𝐶 ∙ 𝑡

𝜖0 ∙ 𝐴
 

where t is the dielectric layer thickness, A is the contact area and ε0 is the permittivity of 

free space. For a given signal frequency, the capacitance may be measured as a function 

of applied bias and this capacitance can be used to determine κ under these conditions. In 

the case of metal-insulator-metal (MIM) structures the measured capacitance is relatively 

independent of the applied bias. However, in the case of metal-oxide-semiconductor 

(MOS) structures this is not the case and it is necessary to consider the distribution of 

majority carriers in the semiconductor layer as a function of operating conditions. In the 

case of a p-type semiconductor under sufficiently large negative bias, positively charged 

holes accumulate at the semiconductor-oxide interface creating a conducting layer 

(similar to that of an MIM structure) as shown schematically in Figure 2.11. This is 

known as the accumulation regime and here the measured capacitance is characteristic of 

the oxide film alone and thus can be used for calculating κ via the relationship above. 

However, if the same device structure is operated at sufficiently large positive biases the 

majority carriers (holes) would be depleted near the semiconductor-oxide interface 

forming an additional insulating layer at the interface. This is known as the depletion 

regime and here the measured capacitance is not due to the oxide alone, but to the oxide 

and depleted semiconductor layer in series. This situation is reversed for n-type 

semiconductors where electrons (rather than holes) are the majority carriers. Care must 

be taken in identifying these different regimes during capacitance-voltage (C-V) 
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measurements, and when using experimental capacitance values to calculate κ by MOS 

structures. 

 In addition to κ, the insulating properties of thin film dielectrics are critical to 

device performance and are typically reported when characterizing these materials. This 

is typically done using DC current-voltage (I-V) measurements where current flowing 

through the dielectric layer is measured as a function of applied voltage. Relevant 

parameters in this case are the leakage current (i.e., current density as a function of 

applied field) and the field breakdown strength (i.e., field at which the dielectric layer can 

no longer support accumulation of charge and becomes electrically conductive). Research 

has focused on a wide variety of dielectric materials, including high-κ (i.e., high 

dielectric constant) for gate oxides. With continued scaling of device structures to very 

small distances, parasitic capacitance is being reduced through the use of low-κ materials 

for current and future technology nodes.29  
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Abstract 

Copper indium diselenide nanoparticles were synthesized using a microwave-

assisted one-pot solvothermal approach.  For these studies high microwave-absorbing 

precursors were used in combination with low microwave absorbing solvents tri-n-

octylphosphine and oleic acid to investigate the effect of selective heating of the 

precursors on nanoparticle synthesis.  High-resolution transmission electron microscopy 

results indicated that the nanoparticles were spherical, crystalline and 4 - 5 nm in 

diameter. X-ray diffraction results indicated that the nanoparticles had a body-centered 

tetragonal structure with planar defects that decreased in concentration with increasing 

reaction temperature and reaction time. The nanoparticle compositions varied depending 

on the reaction conditions and the compositions were found to approach stoichiometry for 

increased reaction times. Fourier transform infrared spectroscopy indicated both solvents 

adsorbed to the nanoparticle surface and energy dispersive spectroscopy indicated that 

these ligands became chlorinated during the reaction.  The uniform temperature profile 

offered by the microwave heating allowed for highly reproducible batch-to-batch 

reactions, allowing for tight control over composition and defect concentration.  
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Introduction 

Copper indium diselenide (CIS), and its alloys with gallium (CIGS), have been 

identified as some of the most promising absorber layers for thin film solar cells due to 

their excellent optoelectronic properties and long term stability.30 Recently, 

polycrystalline CIGS solar cells fabricated by vacuum-based deposition processes have 

surpassed 20% conversion efficiency.14 Vacuum-based processes allow significant 

control over the structure, phase, and composition of the CIGS films, but may not be 

suitable for the large scale, low cost production of CIGS thin film solar cells. Solution-

based processes have received considerable attention due to the potential of large scale, 

low cost production of CIGS thin film solar cells.31 One possible solution-based approach 

uses stable nanoparticle ‘inks’ that can be deposited by printing techniques under ambient 

conditions, which alleviates the need for expensive vacuum processes.15 

High quality CIS nanoparticles were first synthesized in 1998 using a low 

temperature colloidal approach.32 There has been considerable interest in the solution-

based synthesis of CIS nanoparticles by other methods, where typical synthetic routes 

involve heating dissolved precursors in organic or aqueous solutions with or without the 

presence of dedicated ligands to control particle growth or improve the dispersion of the 

final nanoparticle product into stable inks. These methods can be generally classified into 

two categories. The first utilizes a high-pressure environment (e.g. autoclave) and is 

appropriately deemed solvothermal33 (organic solvent) or hydrothermal (aqueous 

solvent). The second utilizes a three neck flask to create an inert environment at ambient 

pressure where the precursor solutions may be heated up in one-pot synthesis34, or hot-
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injected35 using the classic Murray synthesis method36. Generally speaking, the latter 

techniques offer higher control over reaction conditions by maintaining an inert 

environment and, in the case of hot-injection, enabling uniform nucleation of the 

nanoparticles, while the former techniques offer simpler synthetic routes. 

One approach for obtaining both of these advantages is using microwave heating 

for the one-pot synthesis of nanoparticles.37 Although ‘non-thermal’ microwave-

enhanced mechanisms for inorganic nanomaterials synthesis have been controversial38, 

several advantages of microwave radiative dielectric heating have been demonstrated.38 

Microwave radiation offers uniform volumetric heating of the reaction solution, allowing 

for highly controlled reaction conditions that provide uniform nucleation followed by 

homogeneous nanoparticle growth. Microwave reactors have been used to synthesize CIS 

nanoparticles by both solvothermal39,40,41,42,43,44,45 and hydrothermal46 approaches. 

However, these prior studies utilized highly microwave absorbing solvents (i.e., 

ethylenediamine, ethylene glycols or water) with or without coordinating ligands. To the 

best of our knowledge, the synthesis of CIS nanoparticles using low microwave 

absorbing solvents has not been previously demonstrated. Weakly microwave absorbing 

solvents may allow the selective heating of precursors with higher microwave 

absorptivity resulting in elevated local temperatures and accelerated reaction rates37, and 

may provide further control over the energy input for nanoparticle synthesis.47 

In this study we demonstrate the formation of CIS nanoparticles via a one-pot 

synthesis using a microwave batch reactor. A low microwave absorbing solvent system 

of tri-n-octylphosphine (TOP) and oleic acid (OA) was used to investigate potential 
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benefits of selective heating of the dissolved precursors. Our results demonstrate the 

formation of body-centered tetragonal structured nanoparticles 4 - 5 nm in diameter using 

modest reaction temperatures and short reaction times of 200 - 215 °C and 5 - 15 

minutes, respectively. 

 

Experimental 

Chemicals 

All chemicals were used as purchased without further purification. Tri-n-

octylphosphine (TOP; technical grade; 90%) was obtained from TCI America; oleic acid 

(OA; technical grade; 90%), copper(I) chloride (CuCl; 99%), indium(III) chloride (InCl3; 

anhydrous; 99.99%), and selenium powder (Se; -325 mesh; 99.5%) were obtained from 

Alfa Aesar. 

 

Synthesis of CuInSe2 Nanoparticles 

Our synthetic approach follows a procedure that has been previously described for 

continuous flow chemistries for CIS nanoparticles.48 In brief, TOP and OA solvents were 

purged with N2 for 30 minutes before use. In a typical experiment, 2.21 g Se powder was 

added to 20.0 mL TOP using magnetic stirring and a nearly instantaneous reaction 

occurred forming a clear 1.4 M TOP=Se solution47 (solution 1). 0.67 g CuCl and 1.50 g 

InCl3 was added to 40.0 mL of a 4:1 mixture of OA:TOP (by volume) and stirring at 

90 °C until the precursors completely dissolved and the solution turned clear with a 

slightly green tint (solution 2). 2.5 mL of solution 1 and 10.5 mL of solution 2 were 
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mixed in a 20 mL GlassChem MARS reaction vessel, which was sealed under a N2 

atmosphere to minimize oxygen in the headspace of the vessel. The final reaction 

solution consisted of 35% TOP and 65% OA by volume with stoichiometric precursor 

concentrations of 0.28 M Se (as TOP=Se) and 0.14 M CuCl/InCl3. This solution was then 

irradiated at 800 W in a CEM Corp. MARS 5 microwave reactor (2450 MHz) until 

reaching the desired reaction temperature (T = 200 - 215 °C) for the desired length of 

time (t = 5 - 15 minutes). The reaction temperature was monitored using a fiber-optic 

temperature probe in a quartz sleeve that was submerged in the vessel. Throughout the 

reactions the microwave power was controlled via the automated reaction software and 

the solutions were stirred with a magnetic stirring bar. On completion of the reaction the 

solution was cooled to 100 °C by forced air cooling of the reaction vessel, followed by 

placing the reaction vessel in an ice bath until the solution reached room temperature. 

The reaction products were precipitated by adding excess methanol and were centrifuged 

at 3000 rpm for 10 minutes. The supernatant was discarded, and the nanoparticles were 

cleaned by a centrifugation step in acetone, followed by several steps of alternating 

methanol and deionized water. Finally, the cleaned nanoparticles were re-dispersed in 

toluene to form an ink. 

 

Characterization of CuInSe2 Nanoparticles 

Powder X-ray diffraction (XRD) spectra were obtained from CIS nanoparticles 

that were drop cast and air dried from toluene inks using a Bruker D8 Discover 

diffractometer with Cu Kα radiation. Raman spectra were collected using a Horiba-Jobin 
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Yvon HR800 Raman spectrometer with 532 nm incident light. Scanning electron 

microscopy (SEM) imaging and energy dispersive X-ray spectroscopy (EDS) were 

performed using an FEI Quanta 600 FEG SEM with 30 kV (images) and 20 kV (EDS) 

accelerating voltage. Transmission electron microscopy (TEM) analysis was performed 

using an FEI Titan FEG TEM with 200 - 300 kV accelerating voltage. Absorption spectra 

were collected from a dilute solution of nanoparticles in ethylene glycol using a JASCO 

V670 UV-Vis spectrophotometer. Thermogravimetric analysis (TGA) was performed on 

dried nanoparticle powder in N2 using a TA Instruments TGA 2950. Fourier transform 

infrared spectroscopy (FTIR) was performed on the dried nanoparticle powder with a 

NICOLET 6700 FT-IR using a Smart iTR single bounce diamond ATR crystal. 

 

Results and Discussion 

Reaction Solution Heating Mechanisms 

To investigate the mechanism of microwave absorption by the reaction solutions, 

the heating rates of pure solvents and solutions containing one or more of the dissolved 

precursors were measured and are shown in Figure 3.1. 
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Figure 3.1 Microwave heating rates showing temperature versus time for 13 mL reaction 

solutions with and without dissolved precursors at 800 W power. 

 

In all cases, these solutions contain 65% OA, 35% TOP by volume and a constant 800 W 

microwave power was used for heating. The solvents had the lowest heating rates, as 

expected due to the low microwave absorptivity, which is related to the molecules low 

polarity. Adding Se to this mixture in the form of TOP=Se shows a notable increase in 

heating rate due to the selective absorption of microwaves by the more polar TOP=Se 

molecule in the presence of otherwise poorly absorbing solvents.47 Adding the dissolved 

metal salts CuCl/InCl3 (in the absence of Se) is likewise seen to increase the heating rate, 

which is caused by ionic drift of the dissociated salts in response to the fluctuating 

electric field of the microwaves.38 Close inspection shows an increase in the heating rate 

for this solution, particularly above ~ 115 °C, which may be attributed to the increased 

conductivity (and thus increased heat conversion of microwave energy via ionic drift) 

with temperature due to the increased ion mobility.38 An increase in the extent of 

dissociation of the chloride salts in this temperature range (and thus increased number of 
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ions contributing to ionic drift) may also play a role. The presence of all dissolved 

precursors results in the largest heating rates due to a combined selective absorption/ionic 

drift mechanism for increasing the reaction solutions effective microwave absorptivity. 

The non-linear heating rate is most pronounced in this solution, likely due to absorption 

by nanoparticle intermediates as well as synthesized CIS itself, which is a strong absorber 

of microwaves.49  

For TOP=Se based chemistries the decomposition of the TOP=Se molecule 

occurs at elevated temperatures and precedes nanoparticle nucleation.50 The ‘hot-

injection’ method has been shown to produce high quality nanoparticles (i.e., tight size 

distribution, single phase) by simultaneously introducing all the TOP=Se species to the 

reaction solution at elevated temperatures. In the present work the selective absorption of 

microwave radiation by TOP=Se allows for the rapid heating and decomposition of the 

precursor, and provides similar benefits as the hot-injection method, but with the 

convenience of a one-pot procedure. A similar one-pot microwave-assisted synthetic 

approach has been demonstrated for the synthesis of CdSe nanoparticles.47  

Although some nanoparticle syntheses utilize only a small fraction of coordinating 

solvent (to allow for nucleation at lower precursor concentrations and/or temperatures), 

the solvent composition chosen for this study utilizes 100% ligand. Both the phosphine 

group of TOP and carbonyl group of OA bond strongly to the Cu and In ions at the 

surface of the CIS nanoparticles.51 TOP and OA control the nanoparticle growth while 

stabilizing the final product, and also inhibit the nucleation process by preventing 

formation of particles larger than the critical size necessary to prevent spontaneous re-
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dissolution. For our studies we found that no CIS nanoparticles were formed for 

concentrations below 0.07 M CuCl/InCl3, 0.14 M Se, which is half the concentration used 

for successful syntheses. 

 

Structural, Morphological and Optical Characterization of CuInSe2 Nanoparticles 

XRD spectra for CIS nanoparticles synthesized at reaction temperatures of 200 

and 215 °C for times ranging from 5 - 15 minutes are shown in Figure 3.2a and 3.2b, 

respectively. 
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Figure 3.2 X-ray diffraction spectra of CuInSe2 nanoparticles for t = 5, 10 and 15 minute 

reaction times and T = 200 °C (a) and 215 °C (b) reaction temperatures.  Reference 

spectra are shown for chalcopyrite CuInSe2 (JCPDS 40-1487) with estimated crystallite 

size d from Scherrer analysis. 

 

In all cases, the peak positions and relative intensities match those of chalcopyrite 

CuInSe2 (JCPDS 40-1487) as indicated by the three main diffraction features 

corresponding to the (112), (204)/(220) and (116)/(312) atomic planes.  However, each 

peak is shifted to slightly larger values of 2θ (~ 0.1°), suggesting a tetragonal ordered 

defect compound (ODC).52 The shoulder of the (112) diffraction peak at 2θ = 25.6° is 
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likely due to the presence of stacking faults in the cation sublattice due to InCu cation 

antisite substitution which is prevalent in CIS materials due to its low formation energy.53 

Such planar defects have been reported previously in other studies of CIS nanoparticles54 

and thin films55. The lack of additional XRD peaks near stoichiometric compositions 

(determined from EDS and given in Table 1) and the lack of non-CIS Raman peaks (see 

discussion below) suggest this shoulder is due to a planar defect rather than the presence 

of binary selenide intermediates. This shoulder is seen to decrease for increased reaction 

temperature, consistent with the increased ordering of the cation sublattice (and thus 

reduction of planar defects), which is expected for higher temperature reactions. For both 

reaction temperatures, the CIS nanoparticles tend to approach stoichiometry at increased 

reaction times. For each reaction, the crystallite size (d) was estimated from Scherrer 

analysis using the (312) diffraction peak at 2θ = 52.4°. The calculated sizes are 6.0, 6.9 

and 6.7 nm for 200 °C reactions and 9.5, 8.5 and 7.4 nm for 215 °C reactions at 5, 10 and 

15 minutes, respectively. For the 200 °C reactions the crystal size increased with 

increasing reaction time, while for the 215 °C reactions the crystal size decreased with 

increasing reaction time. These results suggest that two different growth regimes exist at 

the two different temperatures, where Ostwald ripening is observed at 200 °C, while 

digestive ripening (i.e., inverse Ostwald ripening) is observed at 215 °C.56 However, it 

should also be noted that the Cu:In stoichiometry (see Table 1) goes to unity with 

increasing reaction time for both reaction conditions. For the 200 °C reactions the Cu:In 

ratio increased with increasing reaction time, while for the 215 °C reactions the Cu:In 

ratio decreased with increasing reaction time. This change in stoichiometry was much 
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more noticeable for the 215 °C reaction where a significant excess of copper (24%) was 

observed at shorter reaction times. This excess copper can lead to structural disorder, 

which can result in an increase in the FWHM of the diffraction peaks and an increase in 

the particle size estimated by the Scherrer analysis. 

Raman spectra for CIS nanoparticles synthesized at 200 and 215 °C for 5 minutes 

are shown in Figure 3.3. 

 

Figure 3.3 Raman spectra for CuInSe2 nanoparticles for reaction time t = 5 minutes and 

reaction temperature T = 200 and 215 °C drop cast onto glass substrates. 

 

For both reaction temperatures an intense peak is located between 174 - 188 cm-1 

corresponding to the A1 vibrational mode of Se in tetragonal CIS materials.57 It should be 

noted that several CIS nanoparticle studies use a single peak in this range to claim 

formation of a single chalcopyrite phase. However, many Raman peaks are present in this 

range and correspond to the various ODC off-stoichiometric CIS compounds.58 The 

matter is further complicated by the phenomenon commonly seen for nano-sized crystals 

where Raman peaks are broadened and red-shifted to decreasing wavenumbers due to the 
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relaxation of momentum conservation in nanodimensional systems.59 In addition to the 

dominant A1 scattering, a broad feature is observed between 200 - 250 cm-1 due to a 

combination of peaks at ~217 and 233 cm-1 corresponding to the B2 and/or E modes of 

tetragonal CIS, confirming nanoparticles are of this phase.57 The lack of any additional 

Raman scattering between 100 - 150 cm-1 and 250 - 550 cm-1 indicates the absence of 

indium selenide and copper selenide, respectively, suggesting the XRD shoulder at 2θ = 

25.6° is due to defects in the tetragonal CIS crystal structure rather than the presence of 

reaction intermediates.60,61,62 

SEM and TEM images of the CIS nanoparticles synthesized at 215 °C for 5 

minutes are shown in Figure 3.4. 

 

Figure 3.4 Images of CuInSe2 nanoparticles from T = 215 °C reaction temperature and t 

= 5 minutes reaction time.  SEM image (a), TEM images (b-c) and a fast Fourier 

transformation (d) of the image shown in (c). 
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An SEM image showing drop cast films formed from concentrated nanoparticle/toluene 

inks is shown in Figure 3.4a where agglomerated clusters of nanoparticles on the order of 

hundreds of nanometers are observed. TEM images in Figure 3.4b-c show individual CIS 

nanoparticles that are spherical in shape and 4 - 5 nm in size. The high-resolution TEM 

image in Figure 3.4c shows the lattice planes for a 5 nm particle indicating that the CIS 

nanoparticles are single crystalline. A fast Fourier transform of this image is shown in 

Figure 3.4d where the diffraction pattern can be indexed to chalcopyrite CuInSe2 (JCPDS 

40-1487) as viewed along the [2 2  1] zone axis. 

A UV-visible absorption spectrum of the CIS nanoparticles synthesized at 215 °C 

for 5 minutes is shown in Figure 3.5. 

 

Figure 3.5 UV-Visible absorption spectrum for CuInSe2 nanoparticles from reaction 

temperature T = 215 °C and reaction time t = 5 minutes with Tauc analysis band gap 

approximation (inset). 

 

For these measurements the CIS nanoparticles were dispersed in a dilute ethylene glycol 

solution which was ultrasonicated just prior to data collection to minimize agglomeration. 
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The stable solution appeared translucent-grey in color. The band gap of the CIS 

nanoparticles was estimated to be 1.0 eV using a Tauc analysis assuming a direct band 

gap semiconductor (Figure 3.5 inset).27 This value is in good agreement with that of bulk 

chalcopyrite CIS.63 The exciton Bohr radius of CIS is 10.6 nm64 suggesting larger 

particles and/or small aggregates of nanoparticles dominated the absorbance 

characteristics of the diluted ink preventing any significant blue-shift in band gap which 

is expected for CIS nanoparticles in the strong confinement regime (1.5 - 5 nm).65 

In general, thin film solar cells may be fabricated from nanoparticle precursors by 

either (1) deposition of particles resulting in tightly packed arrays of nanoparticles 

exhibiting electronic coupling or (2) deposition with subsequent annealing to form a 

polycrystalline film.15 It is expected that the small size of the synthesized nanoparticles 

will allow for tight packing of a nanoparticle array. Furthermore, the size indicated by 

TEM suggests synthesized nanoparticles may be used to achieve blue-shifted band gaps 

corresponding to the optimum range of 1.1 - 1.5 eV corresponding to the theoretical 

maximum for a single junction device (without carrier multiplication, operated at 300 K 

under AM1.5G spectrum).66 The synthesized CIS nanoparticles are ideally sized (4 - 5 

nm) to have band gaps in this range according to simple effective mass approximation 

(EMA) calculations.65 Synthesized CIS nanoparticles are also suitable for annealing to 

form a polycrystalline film. As indicated by EDS (Table 3.1), the synthesized 

nanoparticles may be tuned to obtain the desired composition of the final film by 

controlling reaction temperature or reaction time. 
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Table 3.1 EDS compositional analysis of CuInSe2 nanoparticles. 

 

T (°C) t (min) Cu (at. %) In (at. %) Se (at. %) Cu/In Ratio 

 5 21.3 ± 0.2 22.8 ± 0.2 55.9 ± 0.2 0.93 ± 0.02 

200 10 21.7 ± 0.4 22.4 ± 0.7 55.9 ± 0.4 0.97 ± 0.04 

 15 21.9 ± 0.2 21.8 ± 0.2 56.3 ± 0.1 1.01 ± 0.02 

 5 24.8 ± 0.2 20.0 ± 0.2 55.2 ± 0.3 1.24 ± 0.02 

215 10 23.3 ± 0.2 20.9 ± 0.7 55.8 ± 0.6 1.12 ± 0.04 

 15 23.1 ± 0.3 21.9 ± 0.3 55.0 ± 0.6 1.05 ± 0.01 

 

In particular the synthesized CIS nanoparticles are seen to have a slight excess of Se and 

a Cu:In ratio slightly less than unity for the 200 °C reactions. These nanoparticles will 

potentially allow the removal of volatile Se constituent(s) during the annealing process, 

while still maintaining near stoichiometric, slightly Cu-poor compositions, which is 

desirable for polycrystalline CIS chalcopyrite solar cells.30 As mentioned above, the 

physical dimensions of the particles should allow for tight packing, and perhaps more 

importantly the small size of particles may allow for significant improvement in film 

densification via annealing due to melting point depression generally seen for small (< 10 

nm) nanomaterials.67 It should also be noted that while phase pure ‘chalcopyrite’ 

nanoparticle CIS has typically been reported as among the most desirable qualities for 

solar-based applications of these materials, the subsequent annealing step typically results 

in complete transformation into this highly thermodynamically stable phase. The 

presence of slight deviations from the ordered chalcopyrite phase for our CIS 

nanoparticles, while maintaining the desired stoichiometry, may allow for improved film 

densification during annealing by delaying formation of this single phase long enough to 

initiate mass transport assisted densification.68 
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CuInSe2 Nanoparticle Reaction Pathway 

Perhaps the most thoroughly investigated solution-based route to CIS nanoparticle 

formation utilizes oleylamine (OLA) as both solvent and ligand with an air-free three-

neck flask synthesis.54,69,70 A recent spectroscopic study has investigated the CIS 

nanoparticle reaction pathway for these chemistries71, and it was found that formation of 

the thermodynamically unstable intermediates CuSe and InSe generally preceded 

formation of CIS due to stabilization by the highly coordinating ligands (i.e. 100% OLA, 

with strong bonding of the amine functional group to surface Cu and In atoms). To 

investigate the bonding strength of TOP and OA to the CIS nanoparticles we have 

performed thermogravimetric analysis (TGA) on clean nanoparticle powder, and 

characterized the CIS nanoparticles using Fourier transform infrared spectroscopy (FTIR) 

before and after TGA analysis up to 600 °C in N2 (supporting information included in the 

Appendix). The TGA results indicated an 18% mass loss in the range of 220 - 520 °C 

which can be attributed to the desorption of both OA and TOP from the nanoparticle 

surface. FTIR spectra confirm the presence of both OA and TOP on the nanoparticle 

surface before TGA and removal of both species after heating to 600 °C. It has been 

shown in a prior study71 that chlorination of the hydrocarbon solvent via dissociation of 

the chloride salts is a necessary step in making the CIS reaction pathway energetically 

favorable. EDS analysis (shown in the Appendix) on our cleaned, dry nanoparticle 

powder suggests the adsorbed ligands are chlorinated, consistent with the reported CIS 

formation pathway.71 A C:Cl atomic ratio of 33:1 and 49:1 were obtained for the 200 °C, 

5 min reaction and the 215 °C, 5 min reaction, respectively. Assuming the C signal is due 
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to OA/TOP only, an 18:1 C:Cl ratio would be expected for complete chlorination (i.e., 

one Cl atom per ligand chain) in the case of OA only and 24:1 in the case of TOP only. 

EDS suggests that more than one third of the adsorbed OA/TOP ligands were chlorinated 

during reaction. 

In the OLA route, it was shown that slow heating of the OLA solution containing 

dissolved CuCl, InCl3 and suspended Se powder (melting point 220 °C) resulted in 

formation of cation-ordered tetragonal CIS, while hot-injection of Se into a solution of 

CuCl and InCl3 resulted in formation of cation-disordered CIS.54,71 It was suggested that 

slow heating leads to formation of one or more copper selenide phases which react with 

dissolved InCl3 to form ordered CIS, whereas hot-injection of Se leads to rapid formation 

of both binary selenides followed by their solid-solid reaction to form disordered CIS. It 

is likely that the microwave-assisted reaction herein follows a similar mechanism as the 

Se hot-injection method. In our study, Se is introduced to the reaction mixture by 

volumetrically uniform decomposition of the TOP=Se molecule by microwave heating 

rather than injection into the elevated temperature solution. As described in the OLA 

formation pathway study, this results in kinetically determined formation of the less 

stable cation-disordered CIS. 

 

Conclusions 

In this study we have demonstrated for the first time the microwave-assisted 

synthesis of CIS nanoparticles in low microwave absorbing solvents. The solvent system 

allowed for highly controllable reaction conditions owing to the selective microwave 
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absorption of the most polar molecule (TOP=Se) in solution and ionic conduction of 

dissociated precursor salts. The nanoparticles are seen to have tunable compositions, 

approaching stoichiometry for increased reaction times. Furthermore, planar defects exist 

in the nanoparticles and their concentration may be tuned with reaction temperature and 

reaction time. The synthesized CIS nanoparticles can be stabilized as an ink and can 

potentially be used for the fabrication of the absorber layer for thin films solar cells. 

During annealing the absorber layer may show improved film densification due to the 

small, spherical nature of the particles and the presence of slightly disordered near-

stoichiometric tetragonal phases. 
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Abstract 

High-resolution transmission electron microscopy (TEM) imaging and energy-

dispersive X-ray spectroscopy (EDS) chemical mapping have been used to examine key 

processing steps that enable sub-20-nm lithographic patterning of the material Hf(OH)4-2x-

2y(O2)x(SO4)y∙qH2O (HafSOx). Results reveal blanket films are smooth and chemically 

homogeneous. Upon exposure with an electron beam, the films become insoluble in 

aqueous tetramethylammonium hydroxide (TMAH(aq)). The mobility of sulfate in the 

exposed films, however, remains high, as it is readily exchanged with hydroxide from the 

TMAH(aq) solution.  Annealing the films after soaking in TMAH(aq) results in the 

formation of a dense hafnium hydroxide oxide material that can be converted to crystalline 

HfO2 with a high electron-beam dose. A series of 9-nm lines is written with variable 

spacing to investigate the cross-sectional shape of the patterned lines and the residual 

material found between them. 
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Introduction 

In this contribution, we describe results from high-resolution imaging and chemical 

analysis of thin films and patterned structures of Hf(OH)4-2x-2y(O2)x(SO4)y∙qH2O, 

commonly known as HafSOx.16 HafSOx is representative of a new approach involving the 

chemistry of nanosized inorganic clusters for addressing the resolution, linewidth 

roughness, and sensitivity (RLS) tradeoffs that limit lithographic performance of 

conventional organic materials at resolutions < 20 nm.17,20,72 Dense, sub-10-nm features 

have already been written with HafSOx by using EUV irradiation.19 By examining films 

and structures derived from electron-beam exposures, we offer new insights into the 

HafSOx patterning process. 

The small spot size and direct-write capabilities of electron-beam lithography make 

it a convenient method for studying nanopatterning at high resolution.73 Organic materials, 

such as polymethyl methacrylate (PMMA),74,75,76 ZEP-520,77,78 and related chemically 

amplified resists,18 are commonly employed to produce features at resolutions near 30 nm. 

In such systems, resolution is limited by the large radius of gyration of a polymer chain (2 

- 4 nm) and photoacid diffusion in chemically amplified systems. These characteristics lead 

to high linewidth roughness (LWR = 2 – 4 nm), which ultimately limits resolution. Smaller 

LWRs (< 2 nm) have been demonstrated in inorganic materials, notably hydrogen 

silsequioxane (HSQ),73,79 but this performance has come at the expense of poor sensitivities 

and long exposure times. The HafSOx system may offer a path for redefining the RLS 

triangle of conventional materials, as small LWRs and ultra-high resolution features have 

been realized commensurate with relatively high sensitivities.20 HafSOx uniquely affords 
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these characteristics, as other Hf-based systems exhibit low resolution80 and low 

sensitivity.81      

The patterning capabilities and radiation sensitivity of HafSOx derive from the 

presence of Hf-bound peroxo ligands.  The absorption of radiation leads to dissociation of 

the O-O bond of the peroxo group, which drives condensation reactions and a reduced 

solubility in exposed areas.17 Unexposed areas of a film may be readily dissolved in an 

appropriate developer, leaving a negative-tone pattern. The patterning process for HafSOx 

thus follows that of a conventional organic photoresist, involving some or all of the 

sequential steps - spin coat, post-application bake, exposure, post-exposure bake, 

development, and hard bake. Films and structures derived from selected steps in this flow 

have been characterized to develop an improved understanding of the overall process. As 

film thickness and feature size approach 10 nm and smaller, it becomes increasingly 

difficult to characterize in detail films and patterns by using conventional methods such as 

scanning electron microscopy.82 In this study, we have used cross-sectional transmission 

electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) to better 

assess these nanodimensional features.  In addition, the high atomic-number elements of 

the HafSOx system make these techniques especially useful for high-contrast imaging and 

chemical analysis. As these characteristics are not commonly present in conventional 

patterning materials, e.g., organic resists, HafSOx presents a unique platform for studying 

lithographic patterning at near-atomic resolution.    
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Experimental 

1-M stock solutions were prepared by dissolution and dilution of HfOCl2•8H2O 

(Alfa Aesar) and H2SO4(aq) (Mallinckrodt) with 18.2-MΩ purified water. Solutions for 

spin coating were prepared by adding 30 wt% H2O2(aq) (Macron) to the HfOCl2(aq) 

solution followed by sequential addition of H2SO4(aq) and 18.2 MΩ water. Final solutions 

were 0.15 M in hafnium, 0.105 M in sulfuric acid, and 0.45 M in hydrogen peroxide. 

Solutions were stable against precipitation for approximately four days at room 

temperature (depending on concentration) and several months when refrigerated. No 

change in film quality or reproducibility was observed for films deposited from aged, 

refrigerated solutions. Prior to spin coating, the substrates were treated with an O2 plasma 

to improve wetting of the substrate. Films were deposited by dispensing solutions through 

a 0.45-µm filter and spin coating at 3000 rpm for 30 s. The films were then baked on a hot 

plate between 80 and 300 °C for 3 to 5 min. For patterning, films were baked at 80 °C for 

3 min. Exposures were performed with a ZEISS Ultra-55 scanning electron microscope 

operating at 30 kV at a dose of 800 µC/cm2. The microscope was equipped with a JC Nabity 

writing system for pattern generation. Unexposed and exposed films were soaked or 

developed at room temperature in 25 wt% tetramethylammonium hydroxide (TMAH, Alfa 

Aesar) for 30 to 60 s, thoroughly rinsed with 18.2-MΩ water, and baked at 300 °C for 3 to 

5 min. Ellipsometry measurements were taken using a J. A. Woollam M-2000 

Spectroscopic Ellipsometer. Data were collected in 5° steps at incident angles covering the 

range of 55 – 65°. A Cauchy model was used to extract thickness. An FEI Titan G2 80-200 

transmission electron microscope with ChemiSTEM operating at 200 kV was used for 
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imaging and chemical analysis. TEM samples were prepared as cross sections via focused-

ion-beam lift-out using an FEI Quanta 3D dual beam scanning electron microscope. 

Approximately 30 nm of amorphous carbon was thermally evaporated on the sample to 

serve as a protective layer during the lift-out process. EDS line scans were taken in STEM 

mode, and the areas were correlated to bright-field TEM images that were acquired on 

nearby locations of the sample to avoid significant damage during STEM operation. The 

line scans were collected with a step size of 0.15 to 0.2 nm and then averaged over 1 nm to 

reduce noise. The scans were analyzed with Bruker Esprit 1.9 software using automatic 

background subtraction and quantification without standards. X-ray photoelectron 

spectroscopy (XPS) measurements were performed with a Thermo Scientific K-Alpha X-

ray photoelectron spectrometer with an Al Kα (1486.7 eV) micro-focus monochromatic X-

ray source and ultra-low energy electron flood gun. A 50-eV pass energy was used for 

high-resolution, element-specific XPS spectra. Spectra were analyzed with Avantage XPS 

software package. All peaks were charge corrected to adventitious hydrocarbon at 284.8 

eV, and Au metal was used for energy scale calibration of the photoelectron spectrometer. 

 

Results and Discussion  

Cross-sectional TEM images and associated STEM-EDS traces of a blanket-coated, 

unexposed HafSOx film (baked at 300 °C) are shown in Figure 4.1. 
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Figure 4.1 Cross-sectional TEM images of unexposed HafSOx film annealed at 300 °C (a-

c) and STEM-EDS line scan (d) aligned to (c). 

 

From bottom to top, the materials stack consists of the Si substrate, native silicon oxide, 

spin-coated HafSOx, and carbon/platinum protective layers. A low-magnification image 

(Figure 4.1a) reveals that the HafSOx film is smooth and very uniform. This uniformity is 

confirmed with a high-magnification image (Figure 4.1b), which was obtained 

immediately upon moving to a new location on the sample. The HafSOx film thickness, 

measured to be 12–13 nm from spectroscopic ellipsometry measurements, agrees with the 

thickness and uniformity observed in these TEM images. Films are observed to change 

under prolonged exposure to the high energy electron beam during analysis. Comparison 

of Figures 4.1b and 4.1c, for example, reveals that the HafSOx/SiOx bilayer thickness 

increases from approximately 15 to 17 nm after a 5-minute exposure. In this process, the 

HafSOx film thickness decreases from 12 to 9 nm, while the SiOx film thickness increases 

from 3 to 8 nm. This indicates that the electron beam is driving densification of the HafSOx 



80 

 

 

layer while promoting further oxidation of the Si substrate. In the EDS line scan (Figure 

4.1d), the S signal is found to track that of Hf, where S as sulfate appears to be 

homogeneously distributed with Hf throughout the thickness of the film. This is consistent 

with imaging results, and confirms the high uniformity of the films both in terms of 

morphology and composition.  

TEM images and STEM-EDS chemical-analysis data of a HafSOx film, baked at 

80 oC, exposed at 800 µC/cm2, soaked in 25% TMAH(aq), and baked at 300 oC, are shown 

in Figure 4.2. 

 

Figure 4.2 TEM cross sectional images of HafSOx film exposed at 800 µC/cm2, soaked in 

25% TMAH, and hard baked at 300 °C (a-c) and STEM-EDS line scan (d) aligned to (c). 

 

A low-resolution image (Figure 4.2a) indicates the resulting film remains uniform and very 

smooth, similar to that of the unexposed film. From the high-resolution image (Figure 

4.2c), the exposed film is found to be amorphous, and its thickness relative to an unexposed 

film (Figure 4.1b) decreases from approximately 12 to 7 nm. From the STEM-EDS line 

scan, sulfate (S) is no longer present in the film following the soak in TMAH. These data 
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indicate that electron-beam exposure and TMAH(aq) development have led to the 

formation of a thin, amorphous binary hafnium oxide hydroxide film. We also found that 

extended exposure of these films to the electron beam caused portions to crystallize (Figure 

4.2b), producing atomic spacings consistent with monoclinic HfO2. 

X-ray photoelectron spectroscopy has been used to further elucidate composition 

and chemical state of the films. Hf 4f, S 2p, and O 1s spectra were monitored at four stages 

during the patterning process:  i) 80 °C post-application bake (PAB), ii) 80 °C PAB and 

electron-exposure dose of 800 µC/cm2, iii) 300 °C PAB, iv) 80 oC PAB, exposure dose of 

800 µC/cm2, soak in TMAH, and 300 oC post-soak bake. Results are summarized in Figure 

4.3. 

 

Figure 4.3 Hf 4f, O 1s, and S 2p X-ray photoelectron spectra of HafSOx films under 

selected process conditions. 
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Only subtle changes are observed in the relative intensities and binding energies of each 

element following only exposure and baking (80 oC, 80 oC and exposed, 300 oC). After 

exposure and soaking in TMAH, however, significant spectral changes have occurred. For 

example, the O1s and Hf 4f peaks shift to lower binding energies, and the S 2p peak is now 

absent, indicating significant chemical changes including the loss of sulfate from the film. 

For the O 1s spectra, the low-binding-energy peak at 530.2 eV can be assigned to oxygen 

bound to Hf as oxide, while the high-binding-energy O 1s peak near 531.8 eV can be 

assigned to O bound as sulfate and hydroxo groups. Similar assignments have been made 

previously for Zr analogues of HafSOx.83,84 For this sample, a third low intensity peak at 

533.3 eV was necessary to obtain an adequate fit; it is assigned to residual water that is 

present following the development process.  This O 1s binding energy is consistent with 

water adsorbed to metal oxide surfaces.85,86 We found that the low-binding energy metal 

oxide component becomes dominant after both exposure and TMAH soak. A similar 

change in the O 1s spectra was observed after the thermal desorption of sulfate from 

HafSOx films in ultrahigh vacuum.87 While most of the oxygen is coordinated as Hf-O, a 

significant number of OH groups are detected following the 300 oC bake, which may be 

partly attributed to surface contamination from exposure to ambient prior to analysis. 

Together, the XPS and STEM-EDS analyses indicate that a fully exposed and developed 

HafSOx film is converted into a hafnium oxide hydroxide product.  

We have extended these findings to examine fine-scale patterning of 9-nm wide 

lines using electron-beam lithography to write the lines at defined spacing by following the 
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same processing steps as those used for the blanket films. A cross-sectional TEM image, 

representing decreasing line spacing from 44 to 11 nm, is shown in Figure 4.4a. 

 

Figure 4.4 TEM cross sectional image of an electron-beam patterned HafSOx film after 

800 µC/cm2 exposure and development in 25% TMAH (a), HR-TEM image of single line 

(b) and fast Fourier transform (c) of region indicated in (b). 

 

The average FWHM linewidth is 9.0 +/- 0.7 nm. The features are readily resolved to the 

smallest spacing of 11 nm and a line-to-line distance of 21 nm. The rounded profiles reflect 

the modest development contrast of the system.17 Initially, the as-processed features are 

amorphous, i.e., similar to the blanket film (Figure 4.2). After extended electron beam 

exposure the features are found to crystallize as monoclinic HfO2 (Figure 4.4b). A Fourier 

transform (Figure 4.4c) of the atomic resolved image indicates that the grain is oriented 

along the [101] zone axis. A very thin layer of residual material containing Hf is 

consistently observed between the lines independent of spacing (Figure 4.4a). The TEM 

image of Figure 4.4b indicates that this residual is 1 to 2 nm thick and consists of small, 
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discrete structures. HafSOx precursor solutions contain nanosized clusters (diameter ≈1 

nm), and remnants of individual nanoclusters may become strongly bound to the substrate 

during the patterning process. At all of the line spacings, secondary electrons can also 

initiate exposure chemistry, which could enhance interactions between the deposited film 

and the substrate or simply render these regions insoluble. A small increase in residual 

material thickness is observed at the smallest line spacing, where the thinnest portion is 2 

nm. The image contrast is darker and more uniform relative to that of the discrete structures 

between the more widely space lines (Figure 4.4b).  This build-up and broadening of the 

profile tails between the patterned lines are likely due to proximity effects associated with 

scattered electrons. 

Overall, the findings can be well correlated to the chemistry expected for the 

HafSOx system, i.e., Hf(OH)1.6(O2)0.5(SO4)0.7∙qH2O. The binding of peroxide and sulfate 

to Hf in small nanosized clusters inhibits olation and condensation reactions. As 

demonstrated, exposure to radiation drives peroxide decomposition,88 inducing 

condensation reactions that lead to diminished solubility in TMAH(aq). But, this radiation-

induced condensation does not lead to full densification, as sulfate remains a mobile 

species. Since the films are solid acids, they are neutralized on contact with TMAH(aq), 

resulting in extraction of sulfate. This sulfate is replaced with –OH, which sets the stage 

for additional condensation. The insolubility of the final product is thus initiated by both 

radiation and the follow-on development chemistry.    
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Conclusions  

In this study, we have demonstrated the utility of high-resolution imaging and 

composition-mapping techniques for examining selected chemical steps contributing to the 

direct patterning of an inorganic material at feature sizes near 10 nm. The techniques have 

been successfully used to identify key aspects of condensation, sulfate exchange, and 

residual formation that contribute to pattern fidelity within the HafSOx system. We expect 

the methods discussed herein will provide important information in future studies 

addressing near atomic-scale characterization of new classes of inorganic materials that 

hold promise for patterning at unprecedented resolutions. 
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Abstract 

Inorganic resists are of considerable interest for advanced lithography at the 

nanoscale due to the potential for high resolution, low line width roughness (LWR), and 

high sensitivity. Historically inorganic resists suffered from low sensitivity, however 

approaches have been identified to increase sensitivity while maintaining high contrast. 

An aqueous precursor of Hf(OH)4-2x-2y(O2)x(SO4)y∙qH2O (HafSOx) has been 

demonstrated with excellent sensitivity to EUV and electrons, while still obtaining high 

resolution and low LWR. In this work, we characterize both HafSOx precursor solutions 

and spin-coated thin films using high-resolution transmission electron microscopy (HR-

TEM) with energy-dispersive X-ray spectroscopy (EDS) elemental analysis. HR-TEM of 

precursor solutions drop cast onto TEM grids confirmed the presence of nanoscale 

particles. HR-TEM cross sectional images showed that spin-coated HafSOx films are 

initially uniform in appearance and composition for thin (12 nm) films, however thicker 

(30 nm) films display segregation of species leading to multilayer structures.  Regardless 

of film thickness, extended exposure to the high energy TEM electron beam induces 

significant migration of oxygen species to the Si interface.  These species result in the 

formation of SiOx layers that increase in thickness with an increase in TEM electron 

beam dose. Sulfate is also very mobile in the films and likely assists in the significant 

condensation exhibited in completely processed films. 
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Introduction 

The ability to pattern structures on the nanoscale is crucial for advances in many 

materials and device related fields. For example, as the feature size of integrated circuits 

continues to decrease, the search for materials capable of high resolution patterning under 

conditions suitable for large-scale integration becomes increasingly important. Among 

the potential candidate technologies for generating suitable nanopatterns, two of the most 

promising are extreme UV lithography and electron beam lithography (EBL).89,73 EBL is 

particularly regarded as one of the most promising direct write methods due to the small 

wavelength and spot size of the electron beam (e-beam).73 Organic resists such as 

polymethyl methacrylate (PMMA) are the current leading technology for EBL.74,75,76 

Resists based on these materials have shown great success due to the relatively high 

resolution that can be obtained, but suffer from low sensitivity and low etch resistance. 

Chemically amplified resists (CARs) offer higher sensitivity and etch resistance, but at 

the expense of decreased resolution.18 As the desired patterned feature size falls below 10 

nm the aforementioned organic resists become limited by their relatively large 

thicknesses and large molecular size, leading to pattern instability and large line edge 

roughness, respectively. To address this challenge, a number of inorganic materials have 

been investigated due to their small molecular size and inherently high etch resistance 

such as metal oxides90, metal fluorides91 and hydrogen silsesquioxane (HSQ)79,73. For 

sub-10 nm lithography the use of inorganic materials allows extremely thin layers to be 

used for pattern generation primarily due to their high etch selectivity, which minimizes 

resolution limitations due to electron scattering and pattern instability.82 However, 
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inorganic materials can suffer from low e-beam sensitivities and require long write times 

thereby limiting their widespread adoption for high throughput manufacturing. 

Metal peroxide sulfates (MSOx) such as HafSOx have recently emerged as a class 

of inorganic materials which are promising as negative tone resists with high 

sensitivity.17,20,72 These materials form dense, atomically smooth thin films via spin 

coating from an aqueous solution.16 It has been proposed that exposure to electron or 

photon irradiation causes decomposition of peroxide species in the film leading to metal 

oxide network formation, which acts as the solubility contrast mechanism for 

patterning.17 Patterned lines have been demonstrated in MSOx based resists below 10 nm 

half pitch.19 Other Hf-based resists have been previously investigated but exhibited lower 

resolutions80 and lower sensitivities81 than that of the HafSOx system. Despite the 

promising patterning capabilities, there has been relatively little detailed characterization 

of HafSOx precursors and spin-coated films to gain insight into key factors governing the 

patterning process. 

In this contribution we employ TEM techniques to investigate the HafSOx 

system, including solution precursors and spin-coated films. We demonstrate that HR-

TEM imaging provides unique information about solution precursors and, combined with 

spatially resolved energy dispersive X-ray spectroscopy (EDS), this capability allows for 

the direct visual and elemental inspection of ultra-thin films. Furthermore, due to the 

nature of the technique this allows for in-situ inspection of films subjected to e-beam 

radiation and thus insight into the chemical and structural transformations occurring 

during patterning of the material via e-beam lithography. 
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Experimental 

1.0 M stock solutions were prepared by dissolution and dilution of HfOCl2•8H2O 

(Alfa Aesar) and H2SO4(aq) (Mallinckrodt) with 18.2 MΩ purified water. Solutions for 

spin coating were prepared by adding 30 wt% H2O2(aq) (Macron) to the HfOCl2(aq) 

solution followed by sequential addition of H2SO4(aq) and 18.2 MΩ purified water. Final 

solutions contained a molar ratio of 1 : 0.7 : 3 hafnium : sulfate : peroxide and were 0.15 

M or 0.5 M in concentration on the basis of hafnium. Film thicknesses were 

approximately 12 nm (0.15 M) and 30 nm (0.5 M). A J. A. Woollam V-VASE 

Ellipsometer was used for film thickness measurements. Data was collected for 400-1100 

nm (10 nm step size) at angles of incidence of 65-75° (5° step size) and a Cauchy model 

was used to extract film thickness. Prior to spin coating the substrates were treated with 

an O2 plasma to improve wetting of the substrate. Films were deposited by dispensing 

solutions through a 0.45 µm filter and spin coating at 3000 rpm for 30 sec. The films 

were then baked on a hot plate at 300 °C for 5 min. An FEI Titan G2 80-200 TEM 

operating at 200 kV and an FEI Titan G2 80-300 TEM operating at 300 kV were used for 

imaging HafSOx clusters. An FEI Titan G2 80-200 TEM with ChemiSTEM operating at 

200 kV was used for imaging and elemental analysis of HafSOx film cross-sections. 

Cluster samples were prepared by drop casting the 0.15 M precursor solution described 

above onto an ultra-thin holey carbon grid or a surface functionalized Si3N4 grid. Cross-

sections were prepared via the focused ion beam lift-out method using an FEI Quanta 3D 

Dual Beam scanning electron microscope. Approximately 30 nm of amorphous carbon 

was thermally evaporated on the sample to serve as a protective layer during the lift-out 
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process. EDS line scans were taken in STEM mode, and the areas were correlated to the 

bright field TEM images that were acquired on nearby locations of the sample to avoid 

significant damage during STEM operation. The scans were analyzed with Bruker Esprit 

1.9 software by using an automatic background subtraction and quantification without 

standards. 

 

Results and Discussion 

 It has been reported that zirconium sulfates form clusters on the order of 1 nm or 

smaller in aqueous solutions and it is assumed that hafnium analogues behave similarly.92 

Similar structures may exist in HafSOx solutions and films as fundamental units and their 

small size may be key to patterning, however no direct evidence of these nano-clusters 

has been reported. Figure 5.1 shows TEM images of a 0.15 M HafSOx solution drop-cast 

onto a TEM grid. 
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Figure 5.1 TEM images of HafSOx clusters drop-cast from aqueous solution. TEM 

image of isolated clusters (a), HR-TEM images of isolated clusters (clusters circled for 

clarity) (b) and slightly polymerized clusters (c). 

 

Figure 5.1a shows a monolayer of clusters with near spherical structure ranging from 2-4 

nm in diameter. These sizes are larger than the species expected to exist in solution and 

have likely experienced some degree of polymerization or agglomeration upon 

evaporation of the precursor solution. Nevertheless, this points to the existence of a near 

monodisperse sub-5 nm species in HafSOx solutions. HR-TEM images of similar 

samples are shown in Figures 5.1b and 5.1c. Though it is difficult to say conclusively due 

to the ultra-thin nature of these species, it appears clusters as small as sub-1 nm can be 

resolved in the HR-TEM image in Figure 5.1b. A degree of atomic structural ordering is 
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observed in the clusters for these high resolution images. This suggests that despite the 

spin-coated films exhibiting an amorphous structure via X-ray diffraction, they are likely 

composed of similarly small building blocks with some degree of short-range order. 

Figure 5.1c shows the beginning of what appears to be a polymerization process resulting 

in a chain-like structure and may be representative of what exists in spin-coated HafSOx 

films upon deposition and drying. 

A TEM cross-section of a 0.15 M HafSOx film annealed to 300 °C is shown in 

Figure 5.2. 
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Figure 5.2 TEM images of 12 nm HafSOx film after 10 sec (a) and 600 sec (b) exposure 

to the TEM e-beam (total exposure dose shown in parentheses) and a plot of the thickness 

variation of the HafSOx, SiOx, and total film thickness as a function of total exposure 

dose (c). 

 

Despite the 300 °C anneal, the films are seen to be very reactive under the high energy 

TEM e-beam. Figure 5.2a shows an image of the HafSOx film after 10 sec e-beam 

exposure for a total areal dose of 16 C/cm2. The film initially appears uniform with a 

thickness of approximately 12 nm and a native oxide SiOx thickness of approximately 3 

nm, in good agreement with ellipsometry measurements. With extended exposure to the 

e-beam the film is seen to change dramatically93 as shown in Figure 5.2b for a 600 sec 

exposure with a total areal dose of 960 C/cm2. The SiOx layer and total (HafSOx + SiOx) 
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film thickness are seen to increase with increasing electron dose with a corresponding 

decrease in HafSOx thickness as depicted in Figure 5.2c. Although it is difficult to make 

direct comparisons between HafSOx film cross-sections exposed to the TEM e-beam and 

those exposed top-down during patterning due to difference in orientation, sample 

volume and electron energy, the highly reactive nature of the films points to their 

promising patterning capabilities via electron exposure. In particular, it is possible that 

the electron-assisted migration of one or more oxygen species to the film interface, as 

depicted in Figure 5.2, plays an important role in initiating the solubility transition 

exhibited in HafSOx films exposed to electron and EUV radiation. 

TEM cross-sections of HafSOx films annealed to 300 °C with the corresponding 

EDS line scans are shown in Figure 5.3. 
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Figure 5.3 TEM images of 12 nm (a) and 30 nm (c) HafSOx films and EDS line scans 

corresponding to the 12 nm film (b) and 30 nm film (d) showing relative concentrations 

of Hf, S and O across the film cross-section. 

 

A TEM image of a 0.15 M (12 nm) HafSOx film in Figure 5.3a shows the SiOx layer had 

increased in thickness relative to the unexposed sample (Figure 5.2a) in the time required 

to collect the EDS scan. As seen in Figure 5.3b, the HafSOx layer retains both the Hf and 

S species, which confirms that O migration is responsible for the onset of the interfacial 

layer discussed in Figure 5.2. Despite the high mobility of O, both Hf and S are seen to 

remain relatively uniform throughout the 12 nm film thickness.19 A TEM image of a 0.5 

M (30 nm) HafSOx film is shown in Figure 5.3c. As with its 12 nm counterpart (Figure 

5.3a), the SiOx layer increases significantly with e-beam exposure relative to its initial 3 

nm native oxide thickness. However, unlike the 12 nm film, this thicker 30 nm film 
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displays significant species segregation as depicted by the EDS line scan in Figure 5.3d. 

In particular, Hf and S are seen to segregate into two distinct regions throughout the film. 

These composition variations are in good agreement with the contrast exhibited in the 

bright field TEM image in Figure 5.3c. That is, darker regions (higher electron density) 

of the film correlate well to Hf-rich compositions while lighter regions are Hf-poor. This 

multi-layer structure was observed immediately upon imaging and thus is thought to 

occur upon film deposition and/or annealing to 300 °C rather than via e-beam exposure. 

The presence of sulfate in HafSOx is necessary for patternability since films 

containing no sulfate are not soluble in basic solutions. It has also been found that less 

reliable patterning occurs for thicker films and thus 0.15 M solutions (corresponding to 

the 12 nm films shown here) are typically used. The problems encountered with 

patterning thicker films could be related to a number of factors. For example, the 

elemental inhomogeneity through the films as seen in Figure 5.3d likely plays a critical 

role. In particular it is expected that sulfate plays an integral part in the condensation 

pathway following radiation exposure which allows for the solubility transition 

demonstrated for this system. Regions with sulfate will inhibit metal oxide network 

formation and will require an increased dose to induce a solubility transition whereas 

regions devoid of sulfate will insolubilize readily. This would lead to a lower achievable 

contrast and an associated decrease in patterning performance. In addition to the 

elemental inhomogeneity, problems likely exist for thicker films due to the competing ion 

exchange and dissolution processes occurring during the development step in basic 

solutions. That is, HafSOx films exchange sulfate for hydroxyl during development in 
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base, leaving an insoluble hafnium oxide hydroxide product.93 For thinner films the 

dissolution process is dominant and thus unexposed regions are washed away readily. As 

the film thickness increases the ion exchange is no longer negligible and some unexposed 

regions will lose sulfate before the entire thickness is washed away, leaving behind some 

insoluble hafnium oxide hydroxide product. Although thicker films are less suitable for 

patterning purposes, these results suggest HafSOx and similar metal sulfate systems may 

be interesting materials to study from a self-assembly perspective for applications 

benefiting from such multi-layered structures. 

Convergent beam electron diffraction (CBED) patterns taken on the same location 

of a 0.15 M HafSOx film cross-section annealed to 300 °C as a function of TEM e-beam 

exposure are shown in Figure 5.4. 
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Figure 5.4 CBED patterns of 12 nm HafSOx film cross-section annealed to 300 °C.  

Patterns shown are for same area on the film initially (a) and after 10 sec (b), 60 sec (c) 

and 600 sec (d) exposure to the TEM e-beam (total dose indicated in parentheses). 

 

Initially, the films are amorphous or contain limited short-range order as seen in Figure 

5.4a. However, with relatively little exposure to the TEM e-beam (2.7 C/cm2) the film is 

seen to undergo distinct crystallization as depicted by the onset of diffraction spots in 

Figure 5.4b. These spots increase in number and intensity for increasing e-beam exposure 

as seen in Figures 5.4c and 5.4d indicating an increasing degree of crystallization with 

increased e-beam exposure. It is prudent to note that the film cross-section shown in 

Figure 5.3a has undergone little change in appearance despite receiving approximately 

six times the dose necessary to induce significant crystallization as seen in Figure 5.4b. 

Furthermore, the total dose corresponding to Figure 5.4b (2.7 C/cm2) is relatively close to 
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that required for patterning in the HafSOx system for the solution composition used 

herein (approximately 0.8 C/cm2).  Thus, a similar crystallization process likely occurs 

with top-down e-beam exposure during film patterning.  This is in agreement with the 

proposed condensation pathway17 where cleaving of hafnium peroxide bonds result in a 

hafnium oxide network formation insoluble in basic solutions. 

 

Conclusions 

 TEM has been used to investigate the aqueous based peroxo hafnium sulfate 

system. It was confirmed that nm-sized clusters are the predominant species in precursor 

solutions. By combining high resolution imaging, elemental mapping and electron 

diffraction as a function of electron exposure dose on spin coated HafSOx films we have 

gained insight into key processes involved in patterning of this material. It is expected 

that this work will help develop this class of materials as promising next generation 

inorganic resists. 
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Abstract 

An inorganic aqueous-based approach to the deposition of gallium tungsten oxide 

thin film dielectrics was developed where the metal content (Ga2-xWx/2O3-, x = 0.31-

0.66) can be controlled by the initial precursor composition. The spin-coated precursor 

converts to an amorphous oxide thin film with uniform metal cation distributions after 

heating to 400 °C.  The Ga2-xWx/2O3-band gap decreased with increasing W content 

from 4.9 eV for the undoped film (Ga2O3) to 4.6 eV for the film with the highest W 

content (Ga1.34W0.33O3-). The electronic properties of the dielectric films significantly 

improved with incorporation of W, where a decrease in leakage current and increase in 

breakdown field strength from 2.9 MV/cm (Ga2O3) to 5.2 MV/cm (Ga1.34W0.33O3-) was 

observed. Prior studies have suggested that Ga2-xWx/2O3-thin films can form dense low-k 

dielectric materials, where the relative amount of W in the film can significantly modify 

their electrical properties. However our studies found no significant decrease in dielectric 

constant with W doping of Ga2O3.  Annealing the films >400 °C resulted in the formation 

of sub-stoichiometric WOx and metallic W throughout the films. 
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Introduction 

Gallium oxide (Ga2O3) has been studied for a number of applications such as gas 

sensing94, catalysis95, and deep ultraviolet photodetectors96. Doping Ga2O3 with various 

metals has further increased the range of potential applications, including deep-UV 

transparent conducting oxides97, 98 and electroluminescent devices99. The doping of 

Ga2O3 with W has been investigated due to the excellent control over the films optical 

properties100, 101, where WO3 is often used for electrochromic devices.102 The ability to 

precisely tune the optical properties of a mixed phase Ga2-xWx/2O3- material may be of 

interest for the aforementioned and other applications. 

It was recently shown that doping of Ga2O3 thin films with W lead to a significant 

decrease in the materials dielectric constant (κ).22 In this prior study a κ of 1.5 was 

obtained for dense Ga2-xWx/2O3- thin films, which is significantly lower than that 

obtained for undoped Ga2O3 (κ = 10)103 or WO3 (κ > 10)104, 105 thin films. These results 

were of interest since low-κ dielectrics typically require incorporation of significant 

porosity to materials already having relatively low-κ, such as silicates and 

organosilanes.29 The development of dense single-phase amorphous oxide low-κ 

dielectric materials would enable significant reductions in complexity for semiconductor 

manufacturing processes due to improved mechanical and thermal stability. 

In this study we have developed an aqueous-based approach for the synthesis of 

Ga2-xWx/2O3- thin films with precise control over the metal content (x = 0.31 to 0.66) 

using a single solution precursor. This approach allows the deposition of high quality 

films, which are readily converted to oxides via modest annealing conditions.  The 
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physical, chemical, and electrical properties of the dielectric films are investigated and 

compared to prior studies. 

 

Experimental 

Thin Film Fabrication 

W powder (99.9% metals basis, Strem Chemicals), Ga(NO3)3∙xH2O (99.9% 

metals basis, Alfa Aesar) and H2O2 (30 wt%, Macron Fine Chemicals) were used as 

starting materials. A peroxotungstic acid (PTA) precursor solution (0.8 M in W) was 

formed by dissolving tungsten powder in 30 wt% H2O2. The solution was initially stirred 

in an ice bath to prevent significant decomposition of excess peroxide during the 

exothermic dissolution of W. After most of the W dissolved, the solution was then stirred 

at room temperature until all the W dissolved and the solution was clear (solution 1). This 

PTA precursor was stored in a refrigerator in an opaque container to prevent thermal or 

photo-initiated peroxide decomposition. An aqueous solution of 0.8 M Ga(NO3)3 was 

formed by dissolving Ga(NO3)3∙xH2O in 18.2 MΩ H2O (solution 2). The concentration 

for solution 2 was confirmed by heating 2 mL in a muffle furnace up to 1100 °C, 

resulting in complete transformation to Ga2O3 powder. The mass of the powder was 

measured to determine the Ga content in the stock solution. An appropriate amount of 

solution 1 was added to solution 2 forming solutions with a total metal concentration of 

0.8 M, where the percentage W/Ga was 9.1, 18.2 and 27.3 at%. A 0 at% W film was 

generated from solution 2. The solutions were passed through a 0.45 µm filter and spin 

coated at 3000 rpm for 30 sec. Prior to spin-coating the n-type silicon substrates were 
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cleaned with an acetone-methanol-deionized water wash, followed by an 

ultraviolet/ozone treatment. To obtain the desired film thickness (≈80 nm), the precursors 

were spin-coated twice, with a 150 °C bake for 1 min in air after each coat. Films were 

then annealed in a tube furnace at 400 °C for 60 min in air using a 5 °C/min ramp rate 

from room temperature. Thin films formed from 18.2 at% W solutions were additionally 

annealed to 600 and 800 °C for 60 min in air using the same ramp rate to investigate the 

effects of high temperature annealing on W containing films.  

 

Structure and Optical Properties 

Film thicknesses and optical properties were measured with a J.A. Woolam 

Variable Angle Spectroscopic Ellipsometer using a Cauchy model. Data was initially 

collected between 400-1100 nm using 10 nm steps, and between 65-75° incidence angles 

using 5° steps. These data were used to determine the film thickness and thickness non-

uniformity, which typically ranged from 10 to 20%. To estimate the band gaps for the 

films, the data was obtained from 1 to 5.35 eV using 0.05 eV steps and between 60-65° 

incidence angles using 5° steps. The film thicknesses were fixed and a point-by-point fit 

of the data gave estimates of the optical constants for the films (i.e., the refractive index 

(n) and extinction coefficient (k)). A Nicolet 6700 Fourier Transform Infrared (FTIR) 

Spectrometer with a grazing angle attenuated total reflectance accessory was used for the 

IR absorption measurements. An FEI 80-200 kV Titan Scanning/Transmission Electron 

Microscope (S/TEM) operating at 200 kV, and equipped with ChemiSTEM energy 

dispersive X-ray spectroscopy (EDS), was used to examine film cross-sections. TEM thin 
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film lift outs were prepared using an FEI 3D DualBeam Scanning Electron Microscope. 

EDS line scans were collected with a 0.5 nm step size and the data was averaged over 1 

nm to reduce noise. 

 

Electrical Measurements 

Al top contacts (≈140 nm thick) were deposited using a Polaron Thermal 

Evaporator and patterned using a shadow mask. Contact areas ranged from 0.0001 to 

0.001 cm2 and dimensions were measured using an optical microscope. Back contacts 

were formed on scribed regions on the sample surface with In solder.  Electrical 

resistances < 1 Ω were obtained when measuring between back contacts on the sample 

substrate. Electrical measurements were performed using an Alessi REL-4800 probe 

station, where IV measurements were obtained using an Agilent 4155C Semiconductor 

Parameter Analyzer while CV measurements were obtained using an Agilent 4284A 

Precision LCR Meter. In all cases, the reported error represents the standard error (s/√n) 

where n ≥ 5 for all measurements and all measurements were performed in the dark. 

 

X-ray photoelectron spectroscopy analysis 

XPS measurements were performed with a PHI Quantera Scanning ESCA system 

using monochromatic Al Kα radiation with a 200 µm spot size.  The data were acquired 

with a 45º emission angle and an electron analyzer pass energy of 69 eV. Sputter depth 

profiles have been calibrated to SiO2 etch rates.  The fitting procedure used for the high-

resolution W spectra was as follows. A Shirley background (averaged over three data 
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points) was applied and a Gaussian-Lorentzian line shape (10% Lorentzian) was used for 

all oxide components of the spectra, while a Lorentzian-asymmetric line shape was used 

for W0. The peak positions of the W 4f doublets were allowed to vary for each 

temperature, with the spin-orbit splitting fixed at 2.18 eV and the relative peak areas set 

to W 4f5/2 / W 4f7/2 = 0.75 and W 5p3/2 / W 4f7/2 = 0.08.106 The FWHM of all W 4f oxide 

components were constrained to be equal for a given sample, as were the W 5p 

components. A best fit was achieved for the 400 °C sample (i.e., sample containing only 

oxides) using a FWHM of 1.88 and 2.31 eV for the W 4f and W 5p peaks, respectively. 

These FWHM values were then allowed to vary by +/- 0.1 eV for the W6+ and W5+ 4f 

peaks and all W 5p peaks in the 600 and 800 °C samples, while the FWHM of the W0 4f 

peaks were allowed to vary resulting in values of 1.14 and 1.17 eV for the 600 and 

800 °C anneals, respectively. The peak position of W 5p3/2 was allowed to vary for the 

400 °C sample then fixed at the best fit relative position (W 4f7/2 + 5.13 eV) for the 600 

and 800 °C samples. For clarity, sputter depth profiles were quantified using a slightly 

different fitting procedure, where the W6+ and W0 4f doublets were fit at each 

temperature and a single intermediate binding energy peak (WX+) was used to account for 

all W sub oxides. For W, the raw intensity of the total oxides (W6+ + WX+) and metal 

(W0) are presented in the sputter depth profiles. 
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Results and Discussion 

Thin Film Deposition Chemistries 

Variants of PTA are commonly used as precursors to form thin films of WO3 via 

common solution based techniques such as sol-gel107 and electrodeposition108. Typically, 

excess peroxide is removed from these solutions prior to film formation. In this study, 

excess peroxide in the PTA was intentionally retained as a potential stabilizing agent in 

the combined Ga/W solutions since peroxide can form a variety of water-stable oxo-

metal complexes109. Although peroxide can assist in the stability of precursor solutions, 

the W/Ga metal ion ratios were also found to affect the stability of the precursor 

solutions. For example, refrigerated 18 at% and 27 at% W solutions precipitated an 

amorphous product (X-ray diffraction data not shown) in 1-2 days, while refrigerated 9 

at% W solutions had little or no precipitation for several months. The chemistries 

developed for these studies were highly stable over a narrow range of metal cation ratios, 

and the use of peroxide provides kinetic stabilization of solutions with higher W content. 

These chemistries allow for the formation of a single, purely inorganic multi-metal 

precursor free of organic ligands and the subsequent deposition of dense thin films. 

Modest annealing temperatures readily converted the precursors to oxides that were free 

of sol residue. 

 

Structure and Composition Characterization 

Surface compositions were measured using XPS after the tube furnace anneals. 

The percentage of W to Ga was found to be 9.1, 17.1 and 24.5 at% for initial precursor 
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compositions of 9.1, 18.2 and 27.3 at%, respectively. Thus, the film compositions 

matched the solution precursors, with a slight W deficiency at the film surfaces for higher 

W compositions. XPS data obtained for films annealed to 400 °C confirmed that the 

metal cation oxidation states were consistent with Ga3+ and W6+, based on the Ga 2p3/2 

and W 4f7/2 binding energies of 1118.2 and 35.7 eV, respectively.110, 105 Annealing 

>400 °C resulted in a decrease in the relative W concentration at the film surface, and the 

formation of sub-stoichiometric WOx and W metal in the films.  Film thicknesses 

determined using ellipsometry were ≈120-130 nm prior to the 400 °C anneal, and ≈80-90 

nm after the 400 °C anneal, which represents a ≈30% decrease in thickness. 

In Figure 6.1 we show FTIR spectra for a representative Ga2-xWx/2O3-thin film 

after several different thermal processing steps. 

 

Figure 6.1 FTIR spectra of Ga2-xWx/2O3-δ (17.1 at% W) films and a blank substrate as a 

function of annealing temperature. 
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From bottom to top in the figure, the spectra are shown for an as deposited 17.1 at% W 

film, the 17.1 at% W film after a 150 °C bake for 1 min in air, the 17.1 at% W film after a 

400 °C anneal for 60 min in air, and a blank silicon substrate. The wide absorption 

feature centered around 3350 cm-1 and that near 1630 cm-1 are assigned to H-O-H stretch 

and O-H bend modes typical of aqueous systems, respectively.111 The two peaks near 

1400 and 1340 cm-1 are assigned to stretches of adsorbed water-solvated nitrates.112, 113 

These species are present before and after the 150 °C bake, but are completely removed 

following the 400 °C anneal suggesting the films were completely converted to Ga2-

xWx/2O3- and were free of water, hydroxyl and nitrates. 

In Figure 6.2a we show a cross-sectional TEM image of a representative Ga2-

xWx/2O3-thin film annealed to 400 °C (17.1 at% W). 

 

Figure 6.2 Cross-sectional TEM analysis of a Ga2-xWx/2O3-δ (17.1 at% W) film showing 

BFTEM image (a), CBED pattern of Ga2-xWx/2O3-δ film (b), HAADF STEM image (c) 

and EDS line scan (d) corresponding to the image shown in (c). 
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The TEM image is labeled, where the bottom of the image corresponds to the Si substrate 

(with native oxide), followed by a Ga2-xWx/2O3-thin film, and finally the Al top contact. 

The bright field TEM image indicates that the dielectric films are smooth and that the 

measured thickness is in good agreement with ellipsometry results. Figure 6.2b shows a 

convergent beam electron diffraction pattern of the Ga2-xWx/2O3-film. The faint halo and 

lack of distinct diffraction spots/disks confirms the films have no long-range order and 

are structurally amorphous. The higher resolution high angle annular dark field (HAADF) 

STEM image in Figure 6.2c shows regions of varying electron density in the Ga2-

xWx/2O3-film. An EDS line scan taken across this region is shown in Figure 6.2d, and 

indicates that the relative atomic concentrations of Ga and W are uniformly distributed 

through the thickness of the film. The presence of a small Ga peak in the Al top contact 

layer is attributed to contamination from the Ga ion beam during the focused ion beam 

sample preparation process. Together, the TEM and EDS data suggest that the films 

consist of a single amorphous phase of Ga2-xWx/2O3-with no significant segregation of 

the metal species. Thus, the observed variation in electron density in Figure 6.2a and 6.2c 

is likely related to slight variations in film density rather than phase separation of Ga2O3 

and WO3. 

 

Electrical Characterization 

Current-voltage (I-V) leakage characteristics of films annealed to 400 °C as a 

function of W content are shown in Figure 6.3 with the breakdown field (EBD) indicated 

for each composition. 
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Figure 6.3 I-V performance of Ga2-xWx/2O3-δ films as a function of W at% with 

breakdown fields (EBD) included for each composition. 

 

All W doped films have significantly decreased leakage current relative to undoped 

Ga2O3, with little change for increased W content. The leakage currents for the W 

containing films are ≈3-4 orders of magnitude lower than a previous study in the reported 

range of applied fields (≤ 1 MV/cm )22. The EBD range from 4.1 to 5.2 MV/cm for our 

films that are doped with W, which is significantly higher than previously reported (≈0.7 

MV/cm).22 We found that the W doped films had catastrophic breakdown, whereas the 

Ga2O3 films I-V characteristics were reversible. For the Ga2O3 films a current-limited 

breakdown was defined as the field where leakage current exceeded 20 mA. The EBD of 

the undoped Ga2O3 films (2.9 MV/cm) was consistent with prior studies for Ga2O3.
103, 114, 

115 However a recent study indicated that Ga2O3 films grown using atomic layer 

deposition had a EBD much closer to the proposed theoretical value of 8 MV/cm.116 We 
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found that EBD increased with increasing W content, from 4.1 to 5.2 MV/cm for the 9.1 

at% to 24.5 at% W samples, respectively. Since EBD of pure WO3 is significantly smaller 

(on the order of 10-4 MV/cm),117 the observed increase in EBD for the Ga2-xWx/2O3-films 

suggest limited phase separation of WO3 in the films (consistent with TEM data in Figure 

6.2), which would lead to electrical conduction through percolation pathways.  

Dielectric constants (κ) at 1 MHz were determined for films annealed to 400 °C 

assuming a parallel plate capacitor, i.e. κ = (C · d) / (ε0 · A) where C is the measured 

capacitance, d is the film thickness, ε0 is the permittivity of free space, and A is the top 

contact area. Capacitance values were taken from capacitance-voltage (C-V) 

measurements in the deep accumulation regime at +10 V and the results are shown in 

Figure 6.4. 

 

Figure 6.4 Dielectric constants of Ga2-xWx/2O3-δ films at 1 MHz as a function of W at%. 
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The dielectric constant of Ga2O3 films was κ ≈ 10 and is consistent with prior results.103, 

115, 116  These data suggest that water or other undesirable constituents are absent from the 

400 °C annealed films, which is consistent with IR measurements (Figure 6.1). Figure 6.4 

also indicates that only very minor changes in the dielectric constant (<12%) were 

obtained for W doped films compared to undoped Ga2O3 films. These results are in stark 

contrast with a previous report for Ga2-xWx/2O3-films where the dielectric constant could 

be varied from 5.2 to 1.5 for W doping levels between 9.6 at% to 30.4 at% for Ga2O3 

films.22 

Our results suggest that the dielectric constants determined in this study for the W 

doped Ga2O3 films are representative of a single dense amorphous phase of Ga2-xWx/2O3-

. Films annealed to >400 °C did have a slight decrease in dielectric constant, which will 

be discussed further below. Overall, the superior electrical properties of W containing 

films relative to undoped Ga2O3 suggests WO3 plays a key role in passivating film 

defects, for example those arising from the high concentrations of oxygen vacancies 

typical of undoped Ga2O3 films.118 

 

Optical Characterization 

In Figure 6.5a we show the refractive index (n) and extinction coefficient (k) as a 

function of W content and photon energy for films annealed to 400 °C. 
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Figure 6.5 Optical constants of Ga2-xWx/2O3-δ films as a function of W at% from 

spectroscopic ellipsometry (a) and Tauc analysis band gap approximations (b). 

 

Reasonable dispersions were achieved from the point-by-point fit as indicated by the 

monotonic decrease in n for decreasing photon energy and the sharp increase in 

absorption (k) near the band edge in the 4 to 5 eV range. We find that n increases with 

increasing W from 1.69 for 0 at% W to 1.75 for 17.1 at% W at 2.25 eV (550 nm). No 

change in n was observed for higher W content up to 24.5 at%, despite the large 
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refractive index of bulk WO3 (2.5)119. For our spin-coated Ga2O3 thin films n was found 

to be 1.69 which is less than bulk Ga2O3 (1.90 to 1.92),120 suggesting that the films 

contain some degree of porosity.  

The film densities were estimated using the extracted optical data and the 

effective medium approximation.121 Assuming the void space consists of air (based on 

FTIR data in Figure 6.1) and assuming a refractive index of bulk Ga2O3 = 1.91 we find 

that the film density ranges from 83 to 88% of bulk Ga2O3 for films with 0 to 24.5 at% 

W. Thus, W doping of Ga2O3 increases film density and is consistent with the overall 

improved electrical performance of W containing Ga2O3 dielectric films. 

In Figure 6.5a we show the absorption onset energy for the films with varying W 

doping levels.  It is shown that the absorption onset energy decreases with increased W 

content. Band gaps (Eg) were determined with a Tauc analysis27 assuming a direct 

transition122 and are shown in Figure 6.5b. Eg was found to decrease from 4.9 eV (0 at% 

W) to 4.6 eV (24.5 at% W), indicating a red shift with increasing W doping. The 

calculated band gap for the 0% W sample is consistent with previous reports of 

amorphous gallium oxide123, 124 and the observed red shift is consistent with the two 

previous reports of optical properties of Ga2-xWx/2O3-
100, 101. We find that these aqueous-

based chemistries allow tuning of the band gap and the refractive index for Ga2-xWx/2O3-

films over a wide spectral range. This may be of interest for a variety of optical 

applications, as emphasized in a recent report on tuning the refractive index of Ga2O3.
110 
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Effects of Increased Annealing Temperature 

To investigate the effects of higher annealing temperatures on W doped Ga2O3 

films, we performed further studies on a 17.1 at% W film that was annealed to 600 and 

800 °C. XPS surface characterization indicated no significant changes in surface 

composition for samples annealed between 400 and 600 °C, whereas the relative amount 

of W, with respect to Ga, decreased to 8.4 at% after heating to 800 °C. This decrease may 

be related to the high volatility of tungsten oxides, particularly in the presence of water 

vapor as is the case for an atmospheric anneal.125 The refractive index, dielectric constant 

and breakdown field strength were observed to decrease with increased annealing 

temperature accompanied by a slight (5%) increase in film thickness. We found that n 

decreased from 1.75 (400 °C anneal) to 1.48 (800 °C anneal), κ decreased from 10.5 ± 

0.2 (400 °C anneal) to 8.6 ± 0.2 (800 °C anneal) and EBD decreased from 4.2 ± 0.4 

MV/cm (400 °C anneal) to 2.1 ± 0.2 MV/cm (800 °C anneal) for the 17.1 at% W films. 

To gain insight into the changes occurring through this temperature regime we 

performed XPS sputter depth profiles on the 17.1 at% W films for each annealing 

condition. The sputter depth profiles are shown in Figure 6.6a-c, where the profiles are 

presented as raw intensities for clarity. The profiles are separated into the total W 4f 

oxides and W 4f metal as described in the experimental section. In addition, W 4f spectra 

are shown corresponding to 15 sputter cycles (i.e., in the Ga2-xWx/2O3-δ film, but just prior 

to the Si substrate interface) for each annealing condition (Figure 6.6d-f). 
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Figure 6.6 XPS depth profiles and associated W 4f spectra at sputter cycle 15 for Ga2-

xWx/2O3-δ (17.1 at% W) films annealed to 400 (a, d), 600 (b, e) and 800 °C (c, f). 

 

For these spectra a more detailed fitting procedure was used to identify each oxidation 

state.105 Prior to sputtering, the W existed primarily as W6+ for all annealing conditions, 

with a small amount of W sub oxide also present in the 600 and 800 °C anneals. As 

expected the sputtering process resulted in the formation of reduced tungsten oxidation 

states for all annealing conditions106, however a significant increase in the W metal 

component was also observed throughout the thickness of the film for 600 and 800 °C 

anneals. As seen in Figure 6.6a the 400 °C annealed sample shows a uniform distribution 
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of Ga and W throughout the film thickness and a relatively sharp film-substrate interface, 

which is consistent with the STEM-EDS line scan (Figure 2d). A small amount of W 

metal is observed at the substrate interface, which is likely related to the interaction of Si 

with W sub oxides at the Ga2-xWx/2O3-δ/Si interface and the effects of the sputter depth 

profiling. Inspection of the W 4f spectrum for the 400 °C anneal (Figure 6.6d) confirms 

W exists primarily as fully oxidized W6+ as indicated by the binding energy of the W 4f7/2 

peak at 35.8 eV. In addition, a sub oxide of W is required to achieve an adequate fit for 

this sample. This sub oxide was later assigned to W5+ based on the W 4f7/2 peak positions 

relative to W0 for the 600 and 800 °C samples (Figure 6.6e-f).105, 106 For this fit a single 

W sub oxide was used to minimize the number of free parameters, which allowed us to 

obtain a good fit to the experimental spectrum.  Based on the relative peak positions a 

small amount of W4+ may also be present.106 After heating to 600 °C the depth profile 

(Figure 6.6b) reveals a significant amount of W metal at the film-substrate interface and 

the interface between the film and the substrate becomes less defined, with increased 

overlap of Ga, W oxides and W metal with the Si substrate suggesting an interfacial 

reaction. The corresponding W 4f spectrum (Figure 6.6e) shows that in addition to W6+ 

and W5+ a doublet corresponding to W0 is observed with a binding energy of the W 4f7/2 

peak at 30.0 eV, confirming the existence of W metal in this region. Furthermore, an 

increase in W5+ is observed relative to the 400 °C sample. Similar interfacial interactions 

are observed with further annealing to 800 °C (Figure 6.6c), where the primary difference 

is an overall decrease in W content and a distribution of W metal throughout the film 
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with a corresponding decreased (though still significant) contribution of W0 in the W 4f 

spectrum (Figure 6.6f). 

The large discrepancy between electrical properties of the films reported herein 

with those of the prior study22 may be explained, in part, by the higher temperature and 

longer duration anneal (600 °C, 2 hour anneal) used previously. In our studies annealing 

to 400 °C results in a dense amorphous phase of uniformly doped Ga2-xWx/2O3-. 

However, heating to higher temperatures results in significant changes including the 

reduction of W6+ into W5+ and W0, significant interfacial reactions between Ga2-xWx/2O3-

and the silicon substrate, and substantial loss of W (800 °C anneal). This is 

accompanied by a decrease in film refractive index, which may correspond to a change in 

film density (e.g., due to the evolution of tungsten oxides leading to formation of porosity 

in the films) and/or formation of SiO2 (n = 1.5) or other mixed metal silicates at the film-

substrate interface accompanying the reduction of W. The poor dielectric properties (i.e., 

high leakage current and low breakdown field strength) of the prior study may be 

explained by a significant concentration of W metal and/or film porosity, which could 

further explain the observed decrease in dielectric constant due to presence of significant 

void space and/or conductive metal pathways leading to a decrease in measured 

capacitance. 

 

Conclusions 

A completely inorganic aqueous based approach to the fabrication of gallium 

tungsten oxide thin films has been developed. The incorporation of tungsten was seen to 
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significantly improve the film dielectric properties and allowed for precise tuning of 

optical properties such as refractive index and band gap over a wide spectral range 

making this material interesting for a number of applications. A thorough investigation of 

film structure and composition suggests that no significant decrease in dielectric constant 

is obtained upon uniform doping of WO3 into an amorphous Ga2O3 phase. We have also 

found that annealing >400 °C in air results in the formation of tungsten sub oxides 

throughout the thickness of the films, and this may result in a degradation of the films 

dielectric properties. 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

  



124 

 

 

Three different systems were investigated as nanomaterial precursors to solution-

based thin films for next generation electronics. The primary conclusions, linking factors 

and future directions of this research are now considered. 

A unique synthetic approach to the synthesis of CuInSe2 nanoparticle inks was 

developed using a microwave-assisted method. These inks may be used as a precursor for 

thin film solar cells, commonly considered the next generation of photovoltaics. The 

chemistry was designed to selectively absorb microwave energy by the dissolved 

precursors in an effort to control the reaction pathway. Although CuInSe2 nanoparticles 

were successfully synthesized, there were some limitations with the batch microwave 

reactor. For example, operating at the available microwave power (800 W) and using low 

microwave absorbing solvents resulted in slow overall heating rates. Although the 

selective absorption by specific species is expected, the overall solution temperature is an 

important factor in determining the reaction pathway. Requiring long times (minutes) to 

ramp to temperature likely inhibited reaction uniformity. As a means to circumvent this 

problem a new microwave reactor was developed utilizing a continuous flow scheme. 

This reactor allows for significantly improved overall heating rates combined with other 

benefits of microwave heating and continuous flow processing. As a result, synthesis of 

high quality CuInSe2 nanoparticles was recently demonstrated.126 Successful integration 

of these nanoparticles into solar cells with device efficiencies approaching those of their 

vacuum-deposited counterparts remains the subject of significant ongoing research in the 

community. 
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Hf(OH)4-2x-2y(O2)x(SO4)y∙qH2O (HafSOx) was investigated to determine key 

factors enabling high resolution patterning with this material. HafSOx may be used as an 

inorganic resist capable of sub-10 nm resolution for future technology nodes, or 

alternatively may be directly patterned on-chip as a functional hafnium oxide material. 

This system is thus very relevant to continued scaling in the microelectronics industry 

enabling next generation devices. HafSOx solutions, spin coated films and nanopatterns 

were investigated using transmission electron microscopy and it was found that the small 

structure of clusters existing in precursors is largely retained throughout the patterning 

process. However, many of the chemical species are mobile during radiation exposure 

and pattern development. The combination of small, discrete structures and a dynamic, 

multi-step condensation process allows tuning of the chemistry to achieve a sensitive 

electron- and photon-patternable inorganic material capable of extremely high resolution 

and low edge roughness. In tangent with the research presented here, HafSOx solutions 

were characterized using small angle X-ray scattering experiments providing insight into 

the species which likely exist in HafSOx films.127 With much of the structure and 

chemistry of HafSOx well understood, one of the last remaining mysteries and the subject 

of ongoing research remains the radiation chemistry. For example, it is currently unclear 

whether the primary radiation source or secondary emissions in the material drive the 

majority of patterning chemistry. This has implications for understanding resolution 

limitations (for example, based on attenuation lengths of the radiation driving chemistry) 

as well as for designing new metal-oxide based cluster materials capable of patterning at 

improved sensitivities. Additionally, it was shown that the multi-step condensation 
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process in HafSOx results in dense and smooth films of hafnium oxide of sub-10 nm 

thickness. Performing a more detailed investigation on the role of ligand groups and film 

processing on the resulting film quality (e.g., density and electronic properties) is 

expected to allow for logical extension to other cluster-based systems capable of 

depositing dense and uniform metal oxide films via solution-based approaches. Indeed, 

this topic is broadly the focus of many ongoing research efforts in the Center for 

Sustainable Materials Chemistry. 

An aqueous-based approach was developed for the deposition of gallium tungsten 

oxide (GaWOx) thin films as a prospective low dielectric constant material. Similar to 

HafSOx, this material is relevant to continued scaling in the microelectronics industry. 

Achieving insulating materials with decreasing dielectric constant becomes more 

important with each subsequent technology node and the ability to obtain low-k with a 

dense metal oxide would have far-reaching implications. Contrary to previous reports of 

this material, we observed very little decrease in dielectric constant as a function of W 

doping. By characterizing the film composition, structure, optical and electrical 

properties we propose that dense films of GaWOx do not exhibit ultra-low-k. Instead, W 

doping was seen to improve electrical performance and enable fine-tuning of film optical 

properties. This makes GaWOx an interesting material for a number of applications in 

addition to thin film dielectrics. Further work optimizing the solution chemistry, thin film 

deposition procedure and annealing conditions is expected to improve electrical 

performance and offer additional control over optical properties. 
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Figure A.1 Thermogravimetric analysis (TGA) performed in N2 environment on 

thoroughly cleaned CuInSe2 nanoparticle powder from 215 °C, 5 minute reaction. 
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Figure A.2 Fourier transform infrared spectroscopy (FTIR) performed on CuInSe2 

nanoparticle powder before and after heating from TGA analysis shown in Figure A.1.  

The absorption feature at 1708 cm-1 corresponds to the C=O stretch of an aliphatic 

carboxylic acid and is unique to oleic acid (OA), while the absorption feature at 1409 cm-

1 corresponds to the P-CH2- bend and is unique to tri-octylphosphine (TOP), indicating 

the presence of both OA and TOP adsorbed to the nanoparticle surface.  These features 

have disappeared for the post TGA spectrum, indicating removal of the adsorbed 

OA/TOP. 
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Table A.1 EDS composition analysis taken from CuInSe2 nanoparticles drop casted and 

dried from toluene ink.  The P signal confirms the presence of tri-octylphosphine (TOP) 

in addition to oleic acid (OA) on the nanoparticle surface.  Assuming the measured signal 

from C is due solely to adsorbed OA and TOP, a C:Cl ratio of 18:1 (OA) and 24:1 (TOP) 

corresponds to complete chlorination of the adsorbed C chain molecules.  Thus, a 

significant fraction of adsorbed OA and TOP are thought to be chlorinated, consistent 

with the proposed reaction pathway. 

 
Reaction 

Temp. (°C) 

Reaction 

Time (min) 

Cu 

(at%) 

In 

(at%) 

Se 

(at%) 

C 

(at%) 

Cl 

(at%) 

P 

(at%) 

O 

(at%) 

C/Cl 

Ratio 

200 5 11.21 11.47 28.67 42.78 1.29 0.28 4.30 33 

215 5 12.57 9.70 26.92 46.34 0.94 0.08 3.45 49 

 

  



 
 


