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Abstract 

By making electron energy-loss spectroscopy (EELS) measurements in a scanning 

transmission electron microscope (STEM), the optoelectronic properties of a material can 

be determined with nanometer spatial resolution. Since these optoelectronic properties 

can be related to the electronic structure of a material, STEM-EELS can also probe the 

local bonding environment at the interface of two materials. Such measurements could be 

key in developing more efficient P3HT:PCBM bulk-heterojunction organic photovoltaics 

(P3HT = poly(3-hexylthiophene), PCBM = [6,6] phenyl C61 butyric acid methyl ester), as 

understanding the local electronic structure/local bonding environment at P3HT/PCBM 

interfaces should provide insight into charge generation/transport. However, organic 

materials, such as P3HT and PCBM, are extremely susceptible to beam-damage when 

placed under a high energy electron beam. Thus, it is difficult to use STEM-EELS to 

collect reliable data for these beam-sensitive materials without the electron beam causing 

changes to the local chemistry.  

For the first time, it was demonstrated that, via a beam damage-minimization EELS 

acquisition method, reliable high-resolution low-loss STEM-EELS data could be 

collected for electron beam-sensitive materials. Using this method, low-loss EELS 

spectra were acquired (using an FEI Titan3 60-300 Image-Corrected S/TEM) for thin 

films of four materials used in organic photovoltaics – P3HT, PCBM, CuPc (copper 
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phthalocyanine), and C60 (fullerene). From these low-loss spectra, the real (ε1) and 

imaginary (ε2) parts of the complex dielectric function were extracted. These ε1 and ε2 

spectra were then compared to similar spectra obtained via a technique that should not 

damage these organic materials (variable-angle spectroscopic ellipsometry, VASE). As 

the STEM-EELS and VASE ε1 and ε2 spectra agreed well in both the number of peaks 

observed and their corresponding peak energies, the beam damage-minimization EELS 

acquisition method was proven to be suitable for collecting reliable low-loss EELS 

spectra of P3HT, PCBM, CuPc, and C60.  

This beam damage-minimization EELS acquisition method was then used to collect 

low-loss EELS spectra for P3HT, PCBM, CuPc, and C60 using a Nion UltraSTEM 100 

MC ‘HERMES’ S/TEM. With this scanning transmission electron microscope, it was 

possible to collect low-loss spectra with higher energy resolutions (35 meV) than what 

was achievable using the FEI Titan3 60-300 Image-Corrected S/TEM (175 meV). The ε1 

and ε2 spectra obtained from measurements on these two instruments were compared, and 

it was determined that the improved energy resolution of the Nion UltraSTEM did not 

result in the acquisition of any new optoelectronic information for these four materials.  

By utilizing the beam damage-minimization EELS acquisition method to collect 

EELS spectrum images, spatially-resolved high-resolution low-loss EELS spectra were 

collected across the interface of a CuPc/C60 bilayer structure. These measurements 

demonstrated that reliable and spatially-resolved EELS data could be collected for beam-

sensitive materials. These methods were then used to conduct preliminary STEM-EELS 

measurements of an actual P3HT:PCBM bulk-heterojunction organic photovoltaic, 
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proving that, until the thickness of these samples can approach the size of the individual 

domains within the blended P3HT:PCBM layer, it will be difficult to acquire EELS data 

at the P3HT/PCBM interface.  

Another organic-based material, vanadium tetracyanoethylene (V[TCNE]x~2), was 

studied using the beam damage-minimization EELS acquisition methods developed. This 

organic-based ferrimagnetic semiconductor exhibits desirable magnetic properties, but, 

because of its air-sensitivity, the optoelectronic properties have not yet been determined. 

By using a sample preparation method in which the sample was minimally exposed to air, 

it was demonstrated, for the first time, how STEM-EELS can be used to obtain the 

complex dielectric function, from which many other optoelectronic properties can be 

extracted. Furthermore, via core-loss EELS measurements, the oxidation state of 

vanadium was confirmed to be ~V2+ and was shown, for the first time, to be homogenous 

throughout the V[TCNE]x~2 sample.   

Lastly, low-loss STEM-EELS was used to obtain spectra of ε1, ε2, and the absorption 

coefficient for two lead-free double halide perovskites – Cs2AgBiBr6 and Cs2AgBiCl6. 

The extracted ε2 spectra were compared to density functional theory calculations, and the 

absorption coefficient spectra were compared to correlative VASE measurements, the 

comparisons of which suggest that higher (energy) resolution STEM-EELS 

measurements are required to ensure that all of the optoelectronic properties of these two 

materials are extracted.  
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Chapter 1. Introduction and Background 

In this chapter, the necessary background will be given for the materials systems 

studied and discussed in Chapters 3 - 6.  

 

 

1.1.  Organic Photovoltaics (OPVs) 

Organic photovoltaics (OPVs), first successfully demonstrated in 1986 [1], show 

promise as an alternative solar technology for clean, renewable energy. The term OPV 

refers, in general, to photovoltaics in which the photoactive layer of the device is 

composed of some combination of polymer and/or small molecule materials. The ability 

to replace traditional inorganic materials, such as silicon, with organic materials makes it 

possible to (1) tune the electronic properties by slightly changing the polymer/molecular 

structure, (2) manufacture the solar cells using solution-processing techniques at room 

temperature, which is fairly easy and inexpensive, and (3) prepare lightweight solar cells 

on flexible substrates, and it is due to these unique properties that OPVs have garnered 

much interest in the solar community. 
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1.1.1. Physical Principles and Limitations of Organic Photovoltaics 

When a solar cell is under the sun’s illumination, photons from the sun can be 

absorbed by the solar cell and a charge can be generated [2]. When a photon is absorbed 

in an OPV, an excited electron-hole pair (known as an exciton) will be generated in the 

photoactive layer of the device [4,5]. The electron and hole of the exciton are bound to 

each other and must be separated in order to contribute to the photocurrent as free charge 

carriers [3,5,6]. This process is known as exciton dissociation and will occur at the 

interface between the donor (typically a polymer) and the acceptor (typically a fullerene-

derivative) materials of the photoactive layer [4,5,7]. Essentially, an exciton within the 

donor material (but near the donor/acceptor interface) will dissociate because the electron 

of the electron-hole pairing will be attracted to the acceptor material due to the high 

electron affinity of fullerenes, especially as compared to other polymers and small 

molecules [4,7]. Thus, once the excitons reach the donor/acceptor interface and 

dissociate, the electron and hole are free charge carriers that can then travel through the 

corresponding domain (donor domain for holes, acceptor domain for electrons) in order 

to reach the appropriate electrode and generate the photocurrent [7].  

In early OPV devices, the bilayer architecture was utilized, in which there was one 

continuous interface between the two organic semiconductor materials at which the 

excitons could dissociate (Figure 1.1a) [7]. However, the fact that both exciton lifetimes 

[8] and exciton diffusion lengths are short (on the order of ~10 nm [4–9]), the number of 

excitons that are able to reach the solitary donor/acceptor interface of the bilayer 

architecture prior to decaying is low, resulting in OPVs with low efficiencies [6,8,9]. This 
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is due in part because the donor and acceptor films must be thicker than 10 nm in order to 

absorb the incident photons from the sun, which is much longer than the diffusion length 

of the excitons [4–6]. This means that unless excitons are generated within 10 nm of the 

donor/acceptor interface, they will decay before they can reach the interface, and the 

electrons and holes comprising the excitons are lost as free charge carriers. Thus, in order 

to increase the probability that an exciton would be able to reach a donor/acceptor 

interface, a new device architecture was developed in 1995, as reported by references 

[10] and [11]. In this device architecture, known as the bulk-heterojunction (BHJ), 

instead of keeping the donor and materials separated with just one interface between, the 

donor and acceptor materials are instead blended together such that nanoscale domains of 

the donor and acceptor materials are formed (Figure 1.1b) [4,6–9,12]. By blending the 

donor and acceptor together in an interpenetrating network of domains, the ease with 

which an exciton can diffuse to a donor/acceptor interface increases since there are now 

many, many more donor/acceptor interfaces in close proximity to the excitons [4,6]. 

Thus, the number of free charge carriers increases, and, as expected, the overall device 

efficiency increases [8]. 

Although the BHJ architecture has helped improve the power conversion efficiency 

(PCE) of OPVs, the efficiencies of these devices are still too low to compete with 

inorganic solar cells. Currently (at the writing of this dissertation), the record efficiency 

for an OPV (as reported by the National Renewable Energy Laboratory in the USA) is 

11.5% [13], which is much improved from the initial device efficiencies of 0.95% [1]. 

However, single crystal silicon (non-concentrated) photovoltaics have a record efficiency 
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of 25.8%, and multi-junction (four-junction, non-concentrated) inorganic photovoltaics 

have a record efficiency of 38.8% [13]. Thus, before OPVs are integrated into real-world 

applications, it is necessary to improve the device performance/efficiency.  

 

 

 

Figure 1.1: Schematics of (a) the bilayer OPV device architecture and (b) the bulk-
heterojunction OPV device architecture. 

 

 

1.1.2. P3HT:PCBM Organic Photovoltaics 

Although many polymer/fullerene-derivative pairings have been studied for use in the 

photoactive layer of OPVs, one of the most popular and widely studied pairings is that of 

poly(3-hexylthiophene) (P3HT), a polymer, and [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM), a fullerene-derivative (see Figure 1.2 for schematics). This is due, in part, 

to the many favorable properties of P3HT and PCBM. As mentioned previously, PCBM 

is a fullerene-derivative and therefore has a rather large electron affinity which makes 

exciton dissociation at the donor/acceptor interface possible [4]. It also exhibits good 
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solubility in organic solvents, which is important for solution processing [14]. P3HT, on 

the other hand, has a relatively high hole mobility, which helps the charge carrier reach 

its electrode, thus increasing photocurrent [14–16]. Additionally, P3HT is relatively 

inexpensive [17], is environmentally stable [16,17], and has an absorption edge 

correlating to the maximum of the solar flux [15]. On average, P3HT:PCBM bulk-

heterojunction solar cells have an efficiency of ~3.5% [18].  

 

 

 
Figure 1.2: Diagrams of (a) [6,6]-phenyl-C61-butyric acid methyl ester, PCBM, and (b) 
poly(3-hexylthiophene), P3HT. This figure was originally published in reference [19].  

 
 
 
 

Figure 1.3 shows a schematic of an archetypal OPV device in which a P3HT:PCBM 

blend makes up the BHJ. In this device, sunlight enters through a transparent substrate 

(such as glass) that is coated with a transparent conducting oxide film (for example, 

indium tin oxide, or ITO), which serves as an electrode [4,7]. By using a transparent 

conducting oxide, none of the photons incident on the device from the sun are blocked 

before reaching the photoactive layer of the device. In P3HT:PCBM OPVs, a layer of 
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poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is spin-coated 

on the ITO to help in the collection of holes at the ITO electrode by increasing its work 

function [7]. Next, the P3HT:PCBM bulk-heterojunction layer is spin-coated onto the 

PEDOT:PSS, and finally a metal electrode (like aluminum) is then evaporated onto the 

bulk-heterojunction layer to complete the circuit of the device [7].  

 

 

 

Figure 1.3: Schematic of a typical organic photovoltaic in which the photoactive layer is 
a bulk-heterojunction blend of P3HT and PCBM.  

 

 

 

For P3HT:PCBM bulk-heterojunction organic photovoltaics, it has been shown that 

the device performance can be improved by using highly regioregular P3HT [14,17,20], 
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using P3HT with a high molecular weight [21], or by thermally annealing the bulk-

heterojunction [16,22]. However, in order to understand why it is that researchers observe 

these correlations between device preparation and device performance, it is vital that the 

both the morphology and the local electronic structure throughout the bulk-heterojunction 

layer, including at the donor/acceptor interface, are understood [23–25], as changes in the 

morphology or electronic structure at this interface could affect charge generation and 

charge transport, and, therefore, the device efficiency.  

 

 

1.1.2.1. Characterizing the Morphology of P3HT:PCBM BHJs 
 

Most of the characterization studies performed on P3HT:PCBM bulk-heterojunctions 

(BHJs) have focused on correlating the morphology of the BHJ to both the processing 

and performance of P3HT:PCBM BHJ OPVs. Furthermore, because of the high spatial 

resolution available in transmission electron microscopes (TEMs) and scanning 

transmission electron microscopes (STEMs), many of the morphological studies 

discussed in the literature have utilized these two techniques. For instance, high-

resolution transmission electron microscopy (HRTEM) was used to show how thermal 

annealing can cause the PCBM domains in a P3HT:PCBM BHJ to segregate to the metal 

electrode [26]. This could then affect the device performance since it may be more 

difficult for electrons generated closer to the PEDOT:PSS layer of the to find a path to 

the metal electrode through PCBM domains if the PCBM domains are not dispersed 

throughout the entire BHJ layer.  Similarly, diffraction and bright-field TEM images 
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proved that thermal annealing increases the crystallinity of P3HT fibrils within a 

P3HT:PCBM BHJ [14], which improves hole transport through the P3HT fibrils since 

increased crystallinity corresponds to increased π-π stacking between the P3HT 

molecules [14,17,22,27,28]. Energy-filtered transmission electron microscopy (EFTEM) 

has also been utilized to study the differences in the sizes and dispersion of the P3HT 

domains in a P3HT:PCBM BHJ for as-cast and thermally annealed layers [29]. Since this 

study showed that thermal annealing increased the sizes and decreased the segregation of 

the P3HT domains [29], which should enhance hole transport and device efficiency. Also 

by using EFTEM, the sizes of these P3HT fibrils have been determined [30,31].  

Additionally, multiple electron tomography (ET) studies by van Bavel et al. have 

been conducted to obtain three-dimensional reconstructions of the P3HT:PCBM bulk-

heterojunction in order to understand the dispersion of the P3HT and PCBM domains 

throughout the P3HT:PCBM bulk-heterojunction. From these studies, relationships 

between the performance of P3HT:PCBM devices and their domain sizes [32] and their 

P3HT dispersions [27,33,34] have also been drawn, and it has been proven that, in 

addition to P3HT and PCBM domains, there is also a third, mixed P3HT:PCBM domain 

within these bulk-heterojunction layers [35,36].  

Although this is not a comprehensive list of every morphological study of 

P3HT:PCBM bulk-heterojunctions, these examples do demonstrate how many structure-

property relationships have already been determined relating the morphology of a 

P3HT:PCBM bulk-heterojunction to the overall organic photovoltaic device 

performance. However, what has not been studied as extensively are the optoelectronic 
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properties and the electronic structure of the P3HT:PCBM bulk-heterojunction, 

specifically at the P3HT/PCBM interface.  

 

 

1.1.2.2. Characterizing the Electronic Structure of P3HT:PCBM BHJs 

Very few studies have measured the optoelectronic properties of P3HT, PCBM, and 

P3HT:PCBM bulk-heterojunctions. The optoelectronic properties are typically described 

by either the energy-dependent complex dielectric function, where ε1 is the real part of 

the complex dielectric function and ε2 is the imaginary part of the complex dielectric 

function (Equation 1), or the energy-dependent complex index of refraction (Equation 2), 

where n is the index of refraction and k is the extinction coefficient [37].  

    

𝜀 𝐸 =  𝜀! 𝐸 +  𝑖𝜀!(𝐸)   Equation 1 

𝑛 𝐸 =  𝑛 𝐸 −  𝑖𝑘(𝐸)   Equation 2 

 

These two equations are related to each other via the following relationships [37]:  

 

𝜀! 𝐸 =  𝑛! 𝐸 −  𝑘!(𝐸)   Equation 3 

𝜀! 𝐸 =  2 ∗ 𝑛 𝐸 ∗ 𝑘(𝐸)   Equation 4 

 

Thus, if either the complex dielectric function or the complex index of refraction is 

known, it is possible to extract the other. As will be discussed in Section 2.2.1.3, peaks in 
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ε2 can be correlated to specific single electron transitions from the occupied states in the 

valence band to unoccupied states in the conduction band [38]. Thus, it should be 

possible to extract information about the electronic structure at a P3HT/PCBM interface 

within a P3HT:PCBM bulk-heterojunction by obtaining ε2, analyzing which single 

electron transitions are observed, and correlating these transitions to specific molecular 

orbitals (which may or may not be changing at the interface).  

There are some reports of the optoelectronic properties of P3HT, PCBM, and 

P3HT:PCBM blends in the literature. The refractive index, n(E), and the extinction 

coefficient, k(E), have been obtained for pure P3HT films, pure PCBM films, an 

P3HT:PCBM blended films via spectroscopic ellipsometry (which will be discussed in 

Section 2.3) [20,39–43]. However, from these reports, vastly different values of n(E) and 

k(E) were determined, which can be attributed to the different methods used to prepare 

the films. Furthermore, none of these papers use their results to identify the single 

electron transitions that have been measured by their data. This makes sense for the case 

of P3HT:PCBM blends as spectroscopic ellipsometry does not have the necessary spatial 

resolution to probe domains on the order of nanometers, but these single electron 

transitions could have been measured and identified for the bulk P3HT and bulk PCBM 

layers. However, even if these identifications are made for bulk P3HT and PCBM films, 

it is not possible to perform a similar analysis at the P3HT/PCBM interface of a 

P3HT:PCBM blended film as spectroscopic ellipsometry cannot probe the optoelectronic 

properties with the nanometer spatial resolution necessary to differentiate between P3HT 

and PCBM domains (domain size is ~10 nm).  
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Fortunately, there is an analytical electron microscopy technique that fulfills this 

need. Using electron energy-loss spectroscopy (EELS), which will be discussed in 

Section 2.2, within a scanning transmission electron microscope (STEM), the complex 

dielectric function (and, therefore, the complex refractive index) can be obtained with 

spatial resolutions on the order of nanometers, which makes EELS an ideal technique for 

measuring the electronic structure of actual P3HT/PCBM interfaces in P3HT:PCBM 

bulk-heterojunctions. However, very few EELS measurements have been made for pure 

P3HT, pure PCBM, or P3HT:PCBM blends. Figure 1.4 shows an overlay of the low-loss 

EELS spectra of pure P3HT [29–31,44,45], pure PCBM [29–31,44,45], and P3HT:PCBM 

blends [29,45,46] that had been reported in the literature prior to this work. 

In examining the spectra shown in Figure 1.4, one obvious observation is that (similar 

to the spectroscopic ellipsometry measurements) there are numerous differences in all of 

the reported spectra. Most of these data were collected for the purposes of EFTEM 

imaging, and, as such, these data were collected with relatively low energy resolutions. 

This explains why many of the low-loss features are unresolvable in some of the data sets 

shown. However, it is extremely important that, for the accurate extraction of the 

optoelectronic properties from EELS data, that all of the peaks are resolvable; otherwise, 

the extracted complex dielectric functions could be inaccurate, leading to incorrect 

interpretations of the electronic structures of these materials. Furthermore, none of these 

groups actually extracted the optoelectronic properties (such as the complex dielectric 

function) from their collected EELS data, which means that the complex dielectric 
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functions have not yet been determined from EELS measurements of P3HT, PCBM, or at 

P3HT/PCBM interfaces.  

 

 

Figure 1.4: Previous EELS measurements reported in the literature (prior to this work) for 
(a) pure P3HT, (b) pure PCBM and (c) P3HT:PCBM blends, from references: [29] – red, 
[30] – green, [31] – purple, [44] – blue, [45] – black, and [46] – pink. 
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1.1.2.3. Research Motivation and Goals 

While the morphology of the P3HT:PCBM bulk-heterojunction has been extensively 

studied, there is a major gap in the knowledge of the electronic structure at the 

donor/acceptor interface in P3HT:PCBM organic photovoltaics. It is vital that the 

electronic structure at the donor/acceptor interface is completely understood, as this could 

explain why certain structure-property relationships have been observed during various 

morphological characterization studies of the P3HT:PCBM bulk-heterojunction.  

Given the size of the P3HT and PCBM domains in the bulk-heterojunction layer of 

these OPVs, a technique in which the optoelectronic properties can be obtained with 

nanometer spatial resolution is required. Fortunately, with electron energy-loss 

spectroscopy measurements conducted in a scanning transmission electron microscope, it 

is possible to measure the complex dielectric function at the donor/acceptor interface. 

Thus, the primary goals for the organic photovoltaics studies included in this dissertation 

are to:  

1. Prove that reliable EELS data can be collected for electron beam-sensitive 

materials, such as P3HT and PCBM. 

2. Use EELS to obtain standard spectra for P3HT and PCBM, from which the 

optoelectronic properties can be extracted. 

3. Collect EELS data at donor/acceptor interfaces in actual P3HT:PCBM bulk-

heterojunction OPVs.  
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4. Compare the standard EELS spectra for P3HT and PCBM to the signal 

collected at the donor/acceptor interface in an attempt to determine how the 

signal varies at this interface.  

The culmination of this work will be discussed in Chapters 3 and 4.  

 

 

1.2. Other Functional Electron Beam-Sensitive Materials 

While the bulk of this dissertation does focus on organic photovoltaics, OPVs are just 

one example of new and exciting technologies based on electron beam-sensitive 

functional materials. In the following sections, two other examples of such functional 

materials will be described, and the research motivation/goals will be outlined.  

 
 
 

1.2.1. Vanadium Tetracyanoethylene, V[TCNE]x~2 

Organic materials have garnered research interest as thin film magnets for many of 

the same reasons that they did in the field of organic photovoltaics. For instance, the 

properties of the thin film magnets can be tuned based on the chemical make-up of the 

organic thin films [47,48], the thin film magnets can be deposited onto various (including 

flexible) substrates [49,50], and the thin films can be processed using low-cost and low-

temperature methods [47,49]. An example of such an organic thin film magnet is 

vanadium tetracyanoethylene. V[TCNE]x, where x~2, is an organic-based ferrimagnetic 

semiconductor (see Figure 1.5 for a schematic) that is of considerable research interest 

due to its relatively high magnetic ordering temperature, which has been reported to be 
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greater than 600 K [50,51]. This high magnetic ordering temperature means that this 

material exhibits magnetic ordering at room temperature [49–54], which, along with the 

other typical properties of organic devices mentioned previously, make it an attractive 

material for a variety of applications, including magnetic shielding [47], magnonic 

circuits [50], and spintronic devices [51,54–56]. 

 

 

 

Figure 1.5: Schematic of V[TCNE]x~2. This figure was originally published by reference 
[49].  

 

 

1.2.1.1. Background and Previous Studies 
 

The ferrimagnetic ordering of this thin film magnet arises due to the interaction of the 

magnetic moments between the V2+ electrons (shown in Figure 1.5 in red) and the 

[TCNE]- molecules (shown in Figure 1.5 in blue) [49]. As shown in this figure, although 

the magnetic moments (denoted by the arrows) are in opposite directions to one another, 
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they are of different magnitudes, preventing complete annihilation. Thus, a spontaneous 

magnetization remains, resulting in the ferrimagnetic properties observed for 

V[TCNE]x~2 thin films [55]. Many studies have been conducted to determine the 

magnetic properties of V[TCNE]x~2 thin films [48–50,53,55,56]. However, what have 

been less studied are the optoelectronic properties.  

As mentioned previously, in addition to being an organic-based ferrimagnetic 

material, V[TCNE]x~2 is also a semiconductor. Thus, energy diagrams have been 

proposed for this semiconductor [49,52], as summarized in Figure 1.6a. In this figure, 

various transitions have been labeled along with the corresponding energies of the 

transitions. For instance, shown in blue is the π to π* transition of ~1.2 eV for the 

[TCNE]- molecule [52]. The green arrow denotes the splitting of the π* orbital due to a 

Coulombic repulsion [53] with an energy of Uc = 1.9 eV (reference [52]) or Uc = 2.0 eV 

(reference [49]). In between this π* orbital splitting of the [TCNE]- molecule is the t2g 

orbital of the V2+ ions, as discussed in references [49] and [52], which is separated from 

the π*+Uc state by 0.5 eV (shown in red). Thus, the proposed bandgap would be 0.5 eV 

since these t2g electrons of the V2+ ions are the highest occupied states, and the π*+Uc 

orbitals would be the lowest unoccupied states. Additionally, a transition could occur 

from the π orbital of the [TCNE]- molecules directly to the π*+Uc orbital (shown in 

purple), which would result in a transitional energy of about 3.0 eV (reference [53]) or 

3.1 eV (reference [52]). Some of these transitions have been measured using NIR-UV-

Vis [52,53], an example of which is shown in Figure 1.6b.  
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Figure 1.6: (a) Known electron transitions as identified in the literature [49,52]. The π 
and π* states are attributed to the [TCNE]- molecule, and the t2g state is attributed to the 
V2+ ions. (b) NIR-UV-Vis measurements of a V[TCNE]x~2 thin film on top of a sapphire 
substrate demonstrating how known electronic transitions (see inset) have been 
previously measured for V[TCNE]x~2. Part (b) of this figure was originally published in 
reference [52]. 

 

 

However, from these NIR-UV-Vis measurements, it is not possible to extract the 

optoelectronic properties, and, to the best of the author’s knowledge, no other 

measurements have been made to determine either the complex dielectric function or the 

complex refractive index. These properties are important because they reveal insight into 

the semiconductor behavior of the material, and, as such, should not be disregarded. The 

fact that these properties, thus far, have been overlooked is likely attributed to the air-

sensitivity of V[TCNE]x~2 thin films [52,54], as it would be simple to measure these 
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properties for a bulk V[TCNE]x~2 film using a technique such as spectroscopic 

ellipsometry. Unfortunately, V[TCNE]x~2 thin films degrade rapidly when exposed to air 

[47], which is why many experiments keep V[TCNE]x~2 samples in controlled 

environments (i.e. argon-gas or vacuum) during the sample transport and data 

acquisitions [49,52–54,56]. Thus, in order to measure these optoelectronic properties, it is 

necessary that the thin films remain in a controlled environment, such as in a glovebox or 

vacuum; otherwise, whatever optoelectronic properties are measured will not be 

representative of the pure V[TCNE]x~2 thin films but of an oxidized V[TCNE]x~2 thin 

film.  

 

 

1.2.1.2. Research Motivation and Goals 
 

Because of the air-sensitivity of V[TCNE]x~2 thin films, only bulk characterization 

techniques have been used to study these films. Although many important properties have 

been determined for V[TCNE]x~2 as a result of these measurements (as discussed 

previously), there is still a large gap in the literature in terms of how certain properties 

vary throughout these thin films. For instance, while the oxidation state has been 

determined to be ~V2+ for bulk films of V[TCNE]x~2 [47,48,54], it is currently unknown 

whether or not the oxidation state is consistent throughout the growth direction of the 

films. It could be that, depending on the growth parameters used, that the oxidation state 

differs at the bottom of the film as compared to the top of the film. Also, while there are 

models depicting the known single electron transitions available in V[TNCE]x~2 films 
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[49,52], these transitions have never been measured with high spatial resolution. This 

information is critical, especially as knowing how the optoelectronic properties vary at 

interfaces could be crucial for the designing of future devices. Fortunately, these 

material’s properties can be determined with high spatial resolution via electron energy-

loss spectroscopy (EELS) measurements conducted in a scanning transmission electron 

microscope (as discussed in more detail in Section 2.2). However, the primary factor 

preventing using a scanning transmission electron microscope to measure such material’s 

properties is that the sample must be exposed to air during the sample loading process. 

Thus, the first goal in the study of V[TCNE]x~2 thin films will be to:  

1. Develop a method to circumvent the air-sensitivity issue preventing the 

acquisition of data using a scanning transmission electron microscope.  

Then, once such a method has been developed, the goals of this work will be to:  

2. Use EELS to extract the optoelectronic properties of V[TCNE]x~2 and 

determine how they vary spatially throughout the V[TCNE]x~2 film. 

3. Use EELS to extract determine the oxidation state of the vanadium ions in 

V[TCNE]x~2 and determine how it varies spatially throughout the V[TCNE]x~2 

film. 

The culmination of this work will be discussed in Chapter 5.  
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1.2.2. Lead-Free Halide Double Perovskites: Background & Motivation/Goals 

Similar to organic photovoltaics, perovskite solar cells have recently emerged as a 

new and exciting alternative to traditional inorganic solar cells. As the name suggest, 

these solar cells use perovskites, which are a class of materials with the ABX3 type 

structure (Figure 1.7), as the photoactive material [57]. In these types of solar cells, the 

perovskite is typically an organic-inorganic lead halide perovskite (also referred to as an 

organometal trihalide perovskite) in which the ‘A’ site is an organic material – 

methylammonium (CH3NH3
+, abbreviated MA), the ‘B’ site is lead (Pb), and the ‘C’ site 

is a halide (X = F, Cl, Br, I) [57,58]. The first major report discussing the use of organic-

inorganic lead halide perovskites in solar cells was released in 2009 by reference [59]. In 

this report, a power conversion efficiency of 3.8% was obtained for a solar cell in which 

CH3NH3PbI3 nanoparticles were deposited onto a TiO2 surface in order to sensitize the 

TiO2 (essentially creating a dye-sensitized solar cell) [59]. However, it was not until 2012 

when reference [60] showed that thin films of perovskites could be spin-coated that many 

in the solar community turned their attention to the development of perovskite solar cells. 

In this work, a thin film of a mixed perovskite – CH3NH3PbI2Cl – was spin-coated onto a 

mesoporous Al2O3 layer, thereby creating an extremely thin absorber solar cell with an 

efficiency of 10.9% [60]. In the few years since that paper, the efficiency of perovskite 

solar cells has increased to 22.7% (not stabilized) [13]. This huge improvement in the 

power conversion efficiency is remarkable given the relatively short time in which the 

solar community has been utilizing perovskites in their devices.   
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Figure 1.7: Perovskite crystal structure. In the organometal trihalide perovskites used in 
solar cells, the A site is methylammonium (CH3NH3

+), the B site is Pb, and the X site is a 
halide. This figure was originally published in reference [61].  

 
 

However, although the efficiencies of perovskite solar cells have increased rapidly 

over the last few years, they are not yet a viable replacement for traditional inorganic 

solar cells. One of the major reasons preventing the implementation of perovskite solar 

cells is that these solar cells degrade when exposed to normal operating conditions (i.e. 

moisture, UV radiation, temperature) [57,58,62]. Nevertheless, even if the stability issues 

are resolved, the inclusion of Pb has raised toxicological concerns about the use of 

perovskites in solar cells [57,62,63]. However, if alternative lead-free halide perovskites 

could be developed, these concerns could be eliminated, and, assuming that the stability 

issues are also resolved, perovskite solar cells could emerge as one of the predominant 

solar technologies.  
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Figure 1.8: Crystal structure of Cs2AgBiCl6, a lead-free halide double perovskite. The 
gray spheres are Cs+ ions, the green spheres are Cl- ions, the blue polyhedra are Ag 
centered octahedra, and the green polyhedra are Bi centered octahedra. This figure was 
originally published in reference [64].   

 

 

Recently, two lead-free halide double perovskite (A2BB’X6 – see Figure 1.8) 

semiconductors – CsAgBiBr6 and Cs2AgBiCl6 – have been shown to have similar 

bandgaps as MAPbBr3 and MAPbCl3 [64]. For instance, the bandgap of Cs2AgBiBr6 is 

2.19 eV (indirect), which compares favorably to the 2.26 eV (direct) bandgap of 

MAPbBr3 [64]. Similarly, the bandgap of CS2AgBiCl6 is 2.77 eV (indirect), whereas the 

bandgap of MAPbCl3 is 3.00 eV (direct) [64]. Furthermore, Cs2AgBiCl6 demonstrates 

high stability when exposed to both air and sunlight over a period of a month [64]. These 

observations suggest that it may be possible to replace organometal trihalide perovskites 

with these lead-free halide double perovskites in future solar cells, thus eliminating the 

concerns associated with the inclusion of lead in such devices.  

However, these materials are still relatively new and the optoelectronic information 

necessary to determine their validity as solar materials has not been obtained. For 
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instance, knowing how the absorption coefficient varies with energy (or, conversely, 

wavelength) will have implications regarding the ability of these materials to absorb 

photons. Additionally, obtaining the complex refractive index and complex dielectric 

function (Equations 1 and 2) will provide information about the electronic behavior of 

these materials, which should then provide insights into how well these materials would 

work in solar cells.  

These measurements can be made over a large energy range (including the solar 

spectrum) using electron energy-loss spectroscopy (see Section 2.2 for an overview of 

EELS). Thus, the primary goal for the study of Cs2AgBiBr6 and Cs2AgBiCl6 is to provide 

fundamental measurements of the optoelectronic properties of these materials via electron 

energy-loss spectroscopy. Knowing these properties should then reveal whether or not 

these materials are appropriate for the use in perovskite solar cells.  

The culmination of this work will be discussed in Chapter 6.  
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Chapter 2. Experimental Methodologies 

Most of the results that will be reported in Chapters 3 – 6 were collected using one of 

two experimental methods: (1) electron energy-loss spectroscopy collected in a scanning 

transmission electron microscope or (2) spectroscopy ellipsometry. Both methods will be 

discussed in this chapter.  

 
 

2.1. Scanning Transmission Electron Microscope (STEM) 

Scanning transmission electron microscopes (STEMs) can be used to image and 

analyze samples with atomic spatial resolution by using electromagnetic lenses to focus a 

beam of electrons into a small probe that is incident upon the sample [38]. Because 

samples used in both STEM and TEM measurements are very thin (usually less than 100 

nm), the electron beam will pass through the specimen, from which various signals may 

be measured. For instance, after the electron beam passes through the sample, bright-field 

(BF) images can be obtained from the electrons that elastically scatter at low angles, 

high-angle annular dark-field (HAADF) images can be obtained from the electrons that 

are elastically scattered at high angles onto an annular detector, energy dispersive X-ray 

spectra (EDX) can be collected from X-rays that are excited in the sample by the incident 

electron beam, or electron energy-loss spectra (EELS) can be used to measure the energy-

losses of the incident electrons after they have interacted with the sample [38,65]. It is the 
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acquisition of EELS data that will be the primary focus of this work. (For a more in-depth 

overview of STEMs, see references [38] and [65]).  

 

 

2.2. Electron Energy-Loss Spectroscopy (EELS) 

STEM-EELS is an analytical electron microscopy technique that can be used to 

obtain, with high spatial resolution, the dielectric response, band gap, composition, 

oxidation states of the individual elements in a compound, and local bonding 

environment, amongst other materials properties [38]. This ability to collect such varied 

information with high spatial resolution makes EELS an extremely versatile analytical 

tool within the STEM. In this section, some of the fundamental concepts necessary to 

understand the data presented in this work will be described. However, the author directs 

the reader to the seminal book by Egerton (reference [66]) for the complete, detailed 

discussion of all of these concepts.  

A basic schematic demonstrating how STEM-EELS data is acquired is shown in 

Figure 2.1. In STEM-EELS, a focused electron beam is transmitted through a thin 

sample, during which the electrons of the incident beam can interact elastically or 

inelastically with the sample. The transmitted electron beam then passes through a 

magnetic spectrometer (which will be described in more detail later in this section), 

which disperses the transmitted electron beam based on the amount of energy that the 

beam electrons have lost due to interactions with the sample, thus forming an EELS 

spectrum.  



26 
  

 

Figure 2.1: Schematic of the EELS experimental apparatus. 

 
 
 
 

As shown in Figure 2.1, the incident electron beam can be monochromated in order to 

improve the energy resolution of the collected EELS data. (All of the EELS data that will 

be discussed in the following four chapters were collected using a monochromated 

electron beam). Using a monochromator improves the energy resolution of the EELS data 

collected by reducing the energy spread of the incident electron beam [66]. Every 

incident electron beam has an inherent spread in the beam due to the Boersch effect in 

which electrons interact with each other via Columbic forces [66], which reduces the 

energy resolution achievable in the microscope [67–69]. However, a monochromator can 

be used to disperse the electron beam, and then a slit can preferentially select the part of 

the beam that is the most monochromatic, reducing the energy spread of the beam before 

it interacts with the sample [38,65,66,70]. With the use of a monochromator, it is possible 

to collect EELS spectra with energy resolutions on the order of approximately 10 meV 
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[71,72], whereas, prior to the advent of monochromators in the STEM, spectra could only 

be collected with energy resolutions on the order of ~0.3 eV, assuming that the STEM 

used a cold field emission gun (FEG) source [38]. Additionally, monochromating the 

electron beam results in a more symmetric ZLP [65], which is critical for the appropriate 

removal of the ZLP, as described later in Section 2.2.1.1. However, one major drawback 

to monochromating the electron beam is that the number of electrons that are now 

incident upon the sample is significantly reduced, which adversely affects the amount of 

current available with which to collect EELS spectra [38,65]. This effect is usually 

compensated by using longer acquisition times [66]. However, it is worth noting that this 

effect should not be much of an issue with electron beam-sensitive samples since lower 

current (fewer incident electrons) typically correlates to less observable beam damage. 

Two primary types of monochromators (Wien and alpha filters) will be discussed in more 

detail in Section 3.4.1.  

Once the monochromated electron beam has passed through the sample, an EELS 

spectrum may be acquired from the transmitted electron beam. The electrons comprising 

this transmitted electron beam will either have interacted elastically (lost little-to-no 

kinetic energy) or interacted inelastically with the sample (lost an appreciable amount of 

kinetic energy) [38]. Thus, each of the electrons in the transmitted beam will have a 

different value of energy-loss, depending on the type of interactions they have had with 

the sample. Plotting how many electrons have lost a specific energy versus the energy-

loss of those electrons forms an energy-loss spectrum. However, to form this spectrum, it 

is first necessary to disperse the transmitted electrons by their energy-loss, and this is 
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accomplished through the use of a magnetic spectrometer [38,65]. The transmitted 

electron beam enters the spectrometer through the entrance aperture, at which point the 

electrons travel via a drift tube and are deflected by the magnetic field of a magnetic 

prism [38]. The amount by which the electrons are deflected depends on the energy of the 

electrons, themselves; if the electrons have lost more energy, they will be deflected more 

[38]. This is the dispersive action of the spectrometer. The magnetic prism also serves to 

focus the on- and off-axis electrons onto the dispersion plane of the spectrometer [38]. A 

series of projection lenses follow the magnetic prism, and the final EELS spectrum is 

then collected on a detector, such as a charge-couple diode (CCD) array [38,65]. 

Depending on the range of energy-losses measured, the EELS spectrum is either 

designated as a low-loss spectrum or a core-loss spectrum. These will both be described 

in more detail in the following sections.  

 

 
2.2.1. Low-Loss EELS 

Low-loss EELS (also known as valence-loss EELS) refers to EELS spectra consisting 

of energy-losses less than 50 eV [38,66,73]. Energy-losses in this regime correspond to 

interactions the incident electrons have had with the valence (or outer shell) electrons of 

the sample [38,66,73]. From these spectra, it is possible to measure a material’s band gap, 

dielectric response, and charge carrier density with high spatial resolution [38]. 

Additionally, transitions from the valence band to the conduction band can be 

determined, and excitons, plasmons, and phonons (assuming a high enough energy 
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resolution is used) can be observed [65]. Even the specimen thickness can be measured 

using low-loss EELS [38,65].  

 

 

 

Figure 2.2: A representative low-loss EELS spectrum. The inset shows the entire 
intensity of the (a) zero-loss peak. Additionally, low-loss spectra are comprised of (b) a 
plasmon peak, and (c) low-loss structure that could be analyzed to extract optoelectronic 
information. 

 

 

A representative low-loss EELS spectrum with various features identified, including 

(a) the zero-loss peak, (b) the plasmon peak, and (c) low-loss structure, is shown in 

Figure 2.2. The zero-loss peak (ZLP), which will be discussed more in Section 2.2.2.1, is 

composed of signals corresponding to electrons that have lost little-to-no energy as they 

have passed through the sample [38]. Because the samples investigated in the STEM are 

thin, this is the most intense feature in a low-loss EELS spectrum (as shown by the inset 
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in Figure 2.2), as most of the high-energy electrons from the incident beam will pass 

straight through the sample without any appreciable loss in energy. Although it is not 

useful for materials analysis, the ZLP is used to quantify the energy-resolution of the 

EELS spectrum collected, which is defined to be the energy spread of the ZLP at its full-

width at half-maximum (FWHM) [38]. Additionally, the ZLP serves as a good reference 

for aligning EELS spectra [65].  

The plasmon peak, which is typically the second most intense feature in the low-loss 

spectrum, corresponds to collective excitations of the valence electrons in the sample by 

the incident electron beam [38,66]. Essentially, as the fast electrons from the incident 

electron beam pass through the sample, they induce a local electric field [66]. When the 

valence electrons in the sample, modeled as the free-electron gas, feel this electric field, 

they respond via a collective oscillation, which has a characteristic frequency of ωp 

(rad/s) [38,65,66]. This characteristic frequency represents the frequency at which the 

valence electrons would continue to oscillate barring any damping from the sample’s 

atomic lattice [66]. This oscillation frequency can be determined from the energy of the 

plasmon peak, Ep, as Ep =  ℏωp [65,66]. Furthermore, the oscillation frequency (and, 

therefore, the energy of the plasmon peak) can also be related to the valence electron 

density (number of valence electrons per unit volume), as:  

 

𝜔! =  𝑛𝑒! 𝜀!𝑚    Equation 5     
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where n is the valence electron density, e is the charge of an electron, ε0 is the 

permittivity of free space, and m is the mass of the electron [38,66]. Thus, via low-loss 

EELS measurements, it is possible to determine the number of valence electrons in the 

sample if the unit cell volume is known. Or, conversely, if it is known that the number of 

valence electrons is constant, it is possible to determine any changes in the size of the 

unit cell volume.  

Other features in the low-loss spectrum are indicative of electronic transitions [38]. 

Further analysis of the low-loss spectrum, which will be discussed in Sections 2.2.1.1 

through 2.2.1.3, can then be conducted to extract optoelectronic properties, such as the 

complex dielectric function, the complex refractive index, and the energy-dependent 

absorption coefficient spectrum from these low-loss features [38].  

Additionally, as previously mentioned, low-loss EELS spectra can be used to measure 

the thickness, t, of a sample, and this is accomplished using the log-ratio method given 

by:  

!
!
= ln !!

!!
     Equation 6 

 

where λ is the mean free path of inelastic scattering, It is the area under the entire low-loss 

spectrum, and I0 is the area under only the ZLP [66]. If the mean free path of inelastic 

scattering is known for a material, then the absolute value of the thickness can be 

determined.  
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2.2.1.1. Zero-Loss Peak Removal 

The zero-loss peak (ZLP) is primarily representative of elastic interactions the 

incident electron beam has had with the specimen [38,65,66]. Most commonly, the ZLP 

signal is due to incident electrons that have passed straight through the thin specimen, 

although some signal may be due to inelastic interactions that cause very small energy-

losses, such as phonon excitations [38,66,73]. In general, however, the ZLP signal 

contributes little to the analysis of an EELS spectrum and prevents the extraction of 

optoelectronic properties from the low-loss EELS spectrum. Thus, analysis of any low-

loss EELS spectrum first requires the removal of the zero-loss peak.   

There are a variety of methods that may be used to remove the ZLP from low-loss 

spectra [38,74]. Most commonly (and in this work), the reflected-tail method is used via 

the EELS analysis software, DigitalMicrograph. In the reflected-tail method, the tail of 

the energy-gain (left) side of the ZLP is reflected to the energy-loss (right) side and 

subtracted from the original spectrum [74]. It is, therefore, necessary for this method that 

the ZLP is symmetric, which is the case for a well-aligned, monochromated electron 

beam [38,65].  

Once the tail of the energy-gain side of the ZLP has been reflected to the energy-loss 

side, the reflected-tail routine in DigitalMicrograph will scale the reflected tail so that it is 

properly spliced with the rest of the ZLP [74]. This ZLP is then subtracted from the 

collected spectrum, leaving behind a resultant spectrum comprised of only the inelastic 

interactions that the incident beam has had with the sample. Figure 2.3 shows the result 

of performing a ZLP removal using the reflected-tail method, where the collected low-
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loss spectrum is shown in black, the modeled ZLP is shown in blue, and the resultant 

inelastic spectrum is shown in red.  

 

 

 

Figure 2.3: An example of using the reflected-tail method to remove the zero-loss peak 
(in blue) from the collected low-loss spectrum (in black). The remaining signal is 
attributed to the inelastic spectrum (in red).  

 

 

As shown in Figure 2.3, the energy-loss (right) side of the ZLP mirrors the energy-

gain (left) side of the ZLP. Exactly how much of the tail that is reflected from the energy-

gain side of the ZLP to the energy-loss of the ZLP is dictated by the user by selecting a 

reflected-tail cutoff value [74]. It is worth noting that this introduces some subjectivity 

into the ZLP removal process, which is why certain analyses, such as band-gap onset 

measurements, may be difficult to perform via EELS [75].  
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2.2.1.2. Deconvolution of the Spectrum 

Once the ZLP has been removed from the low-loss spectrum, all that remains are 

signals due to inelastic interactions the incident electron beam has had with the sample. 

This inelastic spectrum is a convolution of both single scattering events, in which the 

incident electron beam has had only one interaction with the sample, and plural scattering 

events, in which the incident electron beam has had multiple interactions with the sample 

[38]. It is known that the single scattering distribution, J1(E), which is comprised of only 

those single scattering events, is related to the complex dielectric function, ε(E), as:  

 

𝐽! 𝐸 =  !!!
!!!!!!!

 Im !!
!(!)

ln 1+ !
!!

!
      Equation 7 

        

where I0 is the intensity of the ZLP, t is the thickness of the specimen, a0 is the Bohr 

radius, m0 is the electron rest mass, v is the speed of the primary electrons, β is the 

collection semi-angle, and θE is the characteristic scattering angle for a specific energy-

loss ΔE [38,66]. More simply stated:  

 

𝐽! 𝐸 ≈ Im !!
!(!)

                         Equation 8            

 

Thus, it is possible to determine Im[−1 𝜀(𝐸)] if the inelastic spectrum is deconvoluted 

and the single scattering distribution is obtained.  

For the low-loss EELS data presented in this work, the single scattering distribution is 

obtained by deconvoluting the inelastic spectrum using the Fourier-Log method, as 
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described in reference [66] (although other methods do exist) [38,66], utilizing the 

automated routine in DigitalMicrograph [74].  

 
 
 

2.2.1.3. Analysis to Extract Optoelectronic Information 
 

Once the single scattering distribution has been obtained, Im[−1 𝜀(𝐸)] can be 

determined by dividing J1(E) by all of the constants on the right-hand side of Equation 7. 

Furthermore, the dielectric function is a response, or causal, function, which means that if 

either the real or imaginary part of the function is known, the correlating part can also be 

determined [65,76]. Thus, in this case, by knowing Im[−1 𝜀(𝐸)], it is possible to 

determine Re[1 𝜀(𝐸)] [38,65], and the method by which to accomplish this is the 

Kramers-Kronig analysis, which is described in more detail in reference [66]. The 

Kramers-Kronig transformation:  

  

Re !
! !

= 1−  !
!
𝑃 Im !!

! !!
!
!  !!!!!

(!!)!! !!
     Equation 9 

 

where P is the Cauchy principal part of the integral [66], can be used to obtain 

Re[1 𝜀(𝐸)] via the Fourier transform methods described in reference [76]. Then, once 

Re[1 𝜀(𝐸)] has been determined, the complex dielectric function, ε(E), can be written 

as:  

 

𝜀 𝐸 =  𝜀! + 𝑖𝜀! =  !"[! !(!)]!!!"[!! !(!)]
(!"[! !(!)])!!(!"[!! !(!)])!

  Equation 10 
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from which, ε1(E) and ε2(E) can be determined [66]. Furthermore, by knowing the value 

of the refractive index for energies associated with visible light for an insulator or 

semiconductor, it is possible to extract absolute values of Im[−1 𝜀(𝐸)] [66]. If, for 

Equation 9, E = 0, then:  

 

Re !
! !

= 1−  !
!
𝑃 Im !!

! !!
!
!  !

!!!!

(!!)!
  Equation 11 

 

where Re[1 𝜀(0)] is approximately equal to 1 𝜀!(0) since, for insulators and 

semiconductors, ε2 is very small at low energies [66] (this is because ε2 = 2nk and k is 

usually 0 or close to 0 for insulators and semiconductors at 0 eV). Since ε1 = n2 – k2 

(Equation 3), this means that Re[1 𝜀(0)] can be related to the refractive index, n (again, 

assuming k is very small at 0 eV) [66], which is why a value for the refractive index is 

required as an input for the Kramers-Kronig analysis routine in DigitalMicrograph [74] 

used in the following chapters to obtain ε1(E) and ε2(E) from experimental EELS data.  

The imaginary part of the complex dielectric function, ε2(E), can be used to identify 

specific single electron transitions of the sample [38]. These characteristic transitions 

occur when the energy that has been lost by the incident electrons, and, thus, given to one 

of the sample’s valence electrons, is large enough that the valence electron can escape an 

occupied state in the valence band and move into an unoccupied state in the conduction 

band [38]. Low-loss EELS can be used to study these single electron transitions because 

the single-scattering distribution is related to the joint density of states, ρJ(E), as: 
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𝐽! 𝐸 ∝  𝜓!𝑒!𝒒∙𝒓𝜓!∗𝑑!𝒓
!𝜌!(𝐸)           Equation 12 

  

where q is the momentum vector, r is the position vector, ψi(r) is the initial state, and 

ψf(r) is the final state [66]. This density of states is known as the joint density of states 

because it is a convolution of the density of states for both the valence and conduction 

bands [66,77]. Thus, since ε2(E) is proportional to the joint density of states, features in 

the joint density of states should correspond to features in ε2(E) [78], which is why ε2(E) 

can be used to identify single electron transitions. An example of this analysis will be 

described in detail in Section 3.3.  

Having determined ε1(E) and ε2(E), many other properties in addition to the single 

electron transitions can be extracted, such as the refractive index (n), and the extinction 

coefficient (k), (see Equations 3 and 4). Thus, low-loss EELS is extremely useful for 

measuring and determining optoelectronic information about the sample being studied.  

 

 

2.2.1.4. Resolution Limits of Low-Loss EELS 

Unfortunately, while the optoelectronic properties of a material can be obtained from 

low-loss EELS measurements with relatively high spatial resolution, it is not possible to 

achieve atomic resolution due to the delocalization of inelastic scattering [65]. 

Essentially, inelastic scattering events (which are used to obtain the optoelectronic 

properties) do not originate from a single point (i.e. an atom), but rather from a small 

range of spatial positions [79]. This is why the term ‘delocalization’ is used to describe 
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this phenomenon; the signal for a specific value of energy-loss is coming from a 

delocalized area of the sample due to small variances in both the scattering angle and 

impact parameter of the electrons comprising this signal [79]. Therefore, the spatial 

resolution of EELS measurements depends not only on the probe size, but also by how 

much the inelastic scattering is delocalized [65], as described by the localization diameter 

(d50) [79]. This localization diameter, which is defined to be the diameter in which 50% 

of the inelastic scattering events are contained, can be approximated as: 

 

𝑑!"~ 0.8𝜆 !!
!

! !
    Equation 13 

 

where E0 is the energy of the incident electron beam, E is the value of energy-loss, and λ 

is the wavelength of the incident electrons [79]. Reference [65] has plotted the 

localization diameter as a function of energy-loss for three different energies of incident 

electron beam, as shown in Figure 2.4. It is worth noting that the authors adjusted the pre-

factor value in Equation 13 from 0.8 to 0.5 based on comparisons with their own 

experimental data [65].  
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Figure 2.4: Calculated localization diameters (d50) as it varies with energy-loss for 
various energies of incident electron beam (20 keV, 60 keV, and 200 keV). This plot was 
originally published in reference [65].  

 

 

This plot shows that, even at a relatively low energy of the incident electron beam (60 

keV), the localization diameter is larger than 1 nm for energy-losses below 30 eV, which 

is the energy range from which the optoelectronic properties are calculated. The authors 

in reference [65] suggest that 2 Å is an appropriate minimum for atomic spatial 

resolution, and so values of d50 > 1 nm will prevent the acquisition of atomic resolution 

EELS data in the low-loss region. These delocalization effects even prevent the 

acquisition of atomically resolved low-loss EELS data when the energy of the incident 

electron beam has been lowered to 20 keV (Figure 2.4) [65]. However, it is possible to 

collect these data with spatial resolutions on the order of just a few nanometers, which is 

still highly spatially-resolved.  

As mentioned before, the spatial resolution of EELS data depends on both the probe 

size and the delocalization of the inelastic scattering, and, so, it can be defined to be:  
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𝑑!!"# =  𝑑!"#$%! + 𝑑!"!     Equation 14 

 

where dEELS is the spatial resolution achievable in an EELS measurement and dprobe is the 

diameter of the probe [65].  

 
 
 
 

2.2.2. Core-Loss EELS 

Instead of measuring interactions with the valence electrons of a sample, as in low-

loss EELS, core-loss (also referred to as high-loss) EELS spectra measure interactions the 

incident electron beam has had with the inner shell (or core) electrons of the constituent 

atoms in the sample [38]. Core-loss EELS spectra typically correspond to spectra in 

which the energy-losses are above 50 eV [38,73]. Most often, these spectra provide 

information about the composition of a sample, although they can also be used to 

determine the oxidation states of the individual elements of a compound as well as 

information about the bonding and electronic structure [38]. An example core-loss 

spectrum is shown in Figure 2.5.  

During a core-loss EELS acquisition, ionization events are measured. As the incident 

electron passes through the sample inelastically, the energy lost by the incident beam 

electron can be used to eject one of the core shell electrons of the sample into an 

unoccupied electronic state, thus ionizing the affected atom [38,73]. This ionization 

energy then corresponds directly to the energy-loss measured (i.e. the energy lost by the 
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incident electron) and can be used to identify the kind of atom ionized, and thus the 

composition of the sample [38,65,73]. For instance, the spectrum shown in Figure 2.5 

measured the carbon-K edge, meaning that carbon is in the sample.  

Core-loss EELS data can also be related to the density of states, ρ(E), by the 

following:  

 

𝐼 𝐸,𝜃 ∝ !!!

!!!!!
𝜓!𝑒!𝒒∙𝒓𝜓!∗𝑑!𝒓

!𝜌(𝐸)       Equation 15 

 

where I(E,θ) is the intensity of the ionization edge as a function of energy-loss and 

scattering angle, γ is the relativistic factor, a0 is the Bohr radius, q is the momentum 

vector, r is the position vector, ψi(r) is the initial state, and ψf(r) is the final state [66,80]. 

This density of states is called the local density of states (LDOS) due to the highly 

localized nature of core-levels [66]. Furthermore, where l is the angular momentum, the 

majority of states observed in this local density of states will correspond to Δl = 1 

transitions (although as long as transitions obey the dipole selection rule (Δl = ±1) they 

may be detected) resulting it what is actually an observation of the symmetry-projected 

density of states [66]. So, for instance, the carbon-K edge shown in Figure 2.5 is a 

representation of the symmetry-projected density of states for s → p transitions. It is 

worth noting that broadening effects beyond the instrumental energy resolution will 

affect the shape of core-loss EELS spectra. These effects include the initial state 
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broadening and the final state broadening, the details of which can be found in reference 

[66].  

  

 

Figure 2.5: Example core-loss spectrum of the carbon-K edge. The measured spectrum is 
shown in black. A power law was fitted to the data prior to an energy-loss of 280.6 eV 
and was extrapolated out to the terminal energy-loss value (shown in red). This signal 
was subtracted from the measured spectrum, resulting in signals attributed only to the C-
K edge (shown in blue).   

 

 

Just as with low-loss EELS spectra, the core-loss EELS spectra require processing in 

order to extract useful information. The spectrum shown in Figure 2.5 is an example of 

the raw spectrum collected during the core-loss EELS measurement. This spectrum 

shows the carbon-K ionization edge sitting on a decreasing background, which is 

representative of electrons that have been inelastically scattered multiple times in random 
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orientations as they have passed through the sample [38]. Since these electrons that 

comprise the background signal are due to random scattering events, they do not provide 

any useful analytical information and must be subtracted from the core-loss spectrum. 

Generally, the background signal can be fit with a power law of the form: 

 

𝐼 = 𝐴𝐸!!    Equation 16 

 
where I is the intensity, and A and r are both constants [38,65]. In using this routine in 

DigitalMicrograph, a small energy-loss window preceding the core-loss edge is selected, 

to which the power law is fit [74]. This fit is then extrapolated to the terminal energy of 

the core-loss EELS spectrum and subtracted from the raw data, leaving signal attributed 

only to the measured edge [74]. An example of this analysis is shown in Figure 2.5. 

Although the power law background subtraction routine is the most common, other fits 

can be used, such as exponential, polynomial, etc. [38,74], depending on which fit is most 

suitable for the experimental data. After having subtracted the background signal from 

the core-loss EELS spectrum, plural scattering can be removed from the edge signal via 

the Fourier-Ratio method, as described in references [66] and [74].  

Once the core-loss EELS spectrum has been processed, it can be analyzed to 

determine information such as the composition and the electronic structure of a sample 

[38], all with high spatial resolution. In fact, the spatial resolution of core-loss EELS 

measurements is better than that for low-loss EELS data. Referring back to the plot 

shown in Figure 2.4, atomic resolution (as defined to be ~ 2 Å) can be achieved for a 60 

keV electron beam for energy-losses greater than 340 eV, and even core-loss spectra for 
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energy-losses less than 340 eV can be collected with sub-nanometer spatial resolution 

(again, for a 60 keV electron beam) [65].  

 

 

 

 

Figure 2.6: Schematic of the SE experimental set-up. 

 
 
 
 

2.3. Spectroscopic Ellipsometry (SE) 

Spectroscopic ellipsometry (SE) is a bulk characterization technique that can be used 

to obtain the refractive index, n, and the extinction coefficient, k, for a material [81–83]. 

In this section, a brief overview of the basic principles necessary to understand the 

spectroscopic ellipsometry experimental data shown later in this work will be described. 

For a more in-depth discussion of spectroscopic ellipsometry, the author refers the reader 

to references [83] and [82].  

The general spectroscopic ellipsometry experimental set-up is shown in Figure 2.6. 

A linearly polarized light source consisting of two linearly polarized waves that are in-
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phase (shown in Figure 2.6 as the s-wave and the p-wave) of a specific wavelength is 

directed onto the sample at a particular angle of incidence, θ [81]. When this linearly 

polarized light source hits the sample, reflection will occur, and from the reflected light, 

two experimental parameters can be measured: delta (Δ) and psi (Ψ) [81]. Δ is defined to 

be the change in the phase difference of the s- and p-waves after reflecting off of the 

sample, as given by: 

 

Δ = 𝛿! −  𝛿!       Equation 17 

 

where δ1 is defined to be the phase difference between the s- and p-waves prior to hitting 

the sample, and δ2 is defined to be the phase difference between the s- and p-waves after 

reflecting off of the sample [81,83]. Thus, unless the value of Δ is zero, then the s- and p-

waves will no longer be in-phase, and the light measured on the detector will be 

elliptically polarized [81], as shown in Figure 2.6. Ψ, is related to the change in the 

amplitudes of the s- and p-waves after reflecting off of the sample, and can be given by: 

 

Ψ =  tan!! !!

!!
       Equation 18 

 

where Rs and Rp are the reflection coefficients defined to be the ratios of the reflected 

amplitude to the incident amplitude for each wave [81,83]. Thus, Ψ contains information 

about the magnitude of the reflection coefficients. However, the reflection coefficients, 

Rs and Rp themselves (i.e. not their magnitudes) are what can be related to important 
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material parameters [81,83], and so the goal of a spectroscopic ellipsometry measurement 

is to determine their values. This determination can be accomplished via the fundamental 

equation of ellipsometry, which relates both Ψ and Δ to the ratio of the reflection 

coefficients given by ρ as [81,83,84]:   

 

𝜌 =  !!
!!
= tan 𝛹 𝑒!!       Equation 19 

 

Thus, Ψ is related to the amplitude of ρ and Δ is related to the phase of ρ [83].  

Having measured Δ and Ψ during a spectroscopic ellipsometry measurement, various 

oscillators (i.e. Lorentzian, Gaussian, etc.) can be used to build models of the 

experimental Δ and Ψ data, and a mean-squared error (MSE) minimization can be 

utilized to adjust the modeled values of Δ and Ψ to best fit the experimental values of Δ 

and Ψ [83]. Then, once the modeled values of Δ and Ψ have been optimized, the 

reflection coefficients can be determined [84], and n(E) and k(E) can be extracted [82]. It 

is important to emphasize that spectroscopic ellipsometry cannot be used to directly 

measure the values of n and k; rather they are determined from the models of Δ and Ψ. 

Lastly, by using variable angle spectroscopic ellipsometry (VASE), in which SE data is 

collected for multiple incident angles, it is possible to determine both the optical 

properties and the thickness of the film simultaneously [85].   

For the spectroscopic ellipsometry measurements discussed in this dissertation, the 

spatial resolution was limited to ~2 mm due to the limitations of the light source used to 

make the probe. Additionally, the energy range over which data can be collected also 
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depends on the light source, and, for the ellipsometry used in the experiments that will be 

discussed throughout this dissertation, data could only be collected in the energy range of 

0.5 – 4.5 eV. Thus, EELS, by comparison, is a much more powerful technique if high 

spatial resolution and a large energy range are needed for the data acquisition; otherwise, 

spectroscopic ellipsometry is a suitable technique for extracting the optoelectronic 

properties of a sample.   
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Chapter 3. Standard EELS Spectra of P3HT, PCBM, CuPc, and C60 

The bulk of the work to be presented in this chapter has been published as articles in 

peer-reviewed technical journals. These articles can be found in their entirety in 

references [86] and [87].  

 

 

3.1. Observation of Electron Beam Damage in Organic Materials 

When organic materials, such as polymers, are placed under a high-energy electron 

beam (as they are during the acquisition of electron energy-loss spectroscopy (EELS) 

data – see Section 2.2 for an overview of this method), electron beam damage may occur. 

Although organic materials may be damaged via knock-on displacement, (an elastic 

scattering process in which the electrons from the incident beam cause atomic nuclei to 

be displaced [88,89]), the primary cause of electron beam damage for organic materials is 

radiolysis [88]. During the imaging/spectroscopy of an organic material, the transfer of 

energy during an inelastic scattering process can excite an electron in the molecule from 

the valence band to the conduction band [89,90]. When it is a valence electron that is 

excited to the conduction band, an electron-hole pair will be generated in the sample, and 

the electron (now a secondary electron) from this electron-hole pair can travel through 

the sample and form other electron-hole pairs (other secondary electrons) [90]. These 
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secondary electrons can then, in turn, cause changes in the interatomic bonding of the 

sample [90], which may result in broken bonds, both in the polymer backbone or between 

the backbone and the side groups [38,89]. These broken bonds change the structure (local 

chemistry) of the polymer, which may affect the optoelectronic properties measured in 

EELS. In fact, EELS is commonly used to monitor this electron beam damage, as the loss 

of fine structure in the measured spectrum is indicative of structural changes affecting the 

electronic configuration of the molecules [88,89,91].  

 

 

 

Figure 3.1: Low-loss EELS spectra collected for thin films of CuPc. During each 
acquisition, the electron dose incident on the sample was increased (as shown in the 
legend). As the electron dose increased, peaks in the CuPc low-loss spectrum lost 
intensity (see the arrows). This loss of intensity is indicative of changes in the local 
chemistry of the CuPc sample. This figure has been published in reference [86]. 
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An example of the observation of such damage in EELS spectra is shown in Figure 

3.1 for a pure film of copper phthalocyanine (CuPc). As the electron dose incident upon 

the specimen increases from approximately 0.4 C/cm2 (blue line) to approximately 0.8 

C/cm2 (red line) to approximately 4.8 C/cm2 (green line), some of the peaks in the spectra 

(denoted by the arrows) change in their position and intensity. As mentioned before, this 

change in fine structure is due to changes in the local chemistry induced by the electron 

beam. These changes could have a serious impact on the accuracy of the optoelectronic 

properties extracted from low-loss EELS data, and, as P3HT and PCBM are also organic 

materials, it was suspected that they would be highly susceptible to electron beam-

damage as well. Thus, the first goal for the collection of low-loss EELS data for P3HT 

and PCBM was to ensure that the beam-damage incurred by the samples could be 

minimized during the acquisition of the EELS spectra.  

 
 
 
 

3.2. Acquisition of Reliable Low-Loss EELS Data 

In order to acquire accurate electronic structure information at the P3HT/PCBM 

interface of an OPV device, it was necessary to develop a method in which reliable EELS 

data could be collected for electron beam-sensitive materials (such as those used in 

OPVs). The validity of such a damage-minimization EELS acquisition method could be 

verified by comparing the optoelectronic properties of these materials measured by EELS 

with those measured by variable-angle spectroscopic ellipsometry (VASE, see Section 

2.3. for an overview of this method), the latter of which utilizes a light source as the 
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probe  (which should  not  damage  these  materials during  data  acquisitions). To  do  this, 

thin  films  of  different  organic  materials  were prepared,  from  which  the  optoelectronic 

properties  were determined  via  VASE  and  EELS. If the  results  from  the  EELS 

measurements  agree  with  the  results  from  the  VASE  measurements, then this damage-

minimization EELS acquisition method can be trusted to collect reliable low-loss EELS 

data for electron beam-sensitive materials such as P3HT and PCBM. 

 
 
 
 

3.2.1. Sample Preparation 

In addition to P3HT and PCBM, two other organic materials – copper phthalocyanine 

(CuPc) and  C60 – were  selected  for  the  development  of  a  reliable  low-dose  EELS 

acquisition  method  for  organic  materials.  CuPc  and  C60 were  selected  because  they  are 

more robust under the electron beam than both P3HT and PCBM due to their lack of side 

chains (Figure 3.2) and are also used in OPVs [92].  

 

 

 

Figure 3.2: Diagrams  of  (a)  C60 and  (b)  CuPc. Part  (a)  of  this  figure  was  originally 
published in reference [93]. 
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As direct comparisons were to be made between VASE and EELS measurements, it 

was necessary that the thin films studied were identical, as any differences in the samples 

could result in differences in the measured optoelectronic properties. One method for 

preparing thin films of P3HT and PCBM is to spin-coat the thin film onto a PEDOT:PSS-

coated substrate, from which the films can be gathered by floating the PEDOT:PSS and 

thin film off of the substrate in deionized water and allowing the PEDOT:PSS layer to 

dissolve [30]. However, there were concerns that this method of preparation could cause 

sample contamination of the P3HT and PCBM thin films if, for instance, the 

PEDOT:PSS layer had not completely dissolved into the deionized water. This possible 

contamination could have adverse effects on the quality and reliability of the EELS data 

collected, and so, instead, thin films of CuPc, C60, and PCBM were deposited onto 

freshly cleaved, room temperature, (100)-oriented rock salt substrates (NaCl for C60 [94–

96], KCl for CuPc [97] and PCBM) via thermal evaporation utilizing a deposition 

chamber situated within an argon-filled glove box. Thin films were also deposited onto 

glass slides for the purpose of measuring the thicknesses of the films. The conditions 

utilized during the preparation of these films are listed in Table 3.1 (the deposition 

temperature for PCBM is not listed because it was deposited using a resistive heater 

running at 0.8 – 1.6 Amps) .  
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Table 3.1: Growth conditions used for the deposition of CuPc, C60, and PCBM thin films 
via thermal evaporation. Parts of this table have been published in reference [86].  

Material Average Chamber 
Pressure (torr) 

Average Growth 
Rate (nm/min) 

Deposition 
Temperature (°C) 

CuPc 3.0 x 10-7 1.7 210 

C60 6.0 x 10-7 0.6 230 

PCBM 4.5 x 10-6 0.5 N/A 

 

 

Although it has been shown in the literature that it is possible to deposit thin films of 

P3HT via thermal evaporation [98,99], attempts to deposit P3HT using this method were 

unsuccessful. Thus, thin films of P3HT were prepared not by thermal evaporation but via 

spin-coating a solution of P3HT in dichlorobenzene (10 mg of P3HT in 1 mL of 

dichlorobenzene) onto room temperature (100)-oriented KCl substrates (for EELS) and 

glass slides (for VASE). Atomic force microscopy (AFM) was used to measure the 

thicknesses of the CuPc, C60, P3HT, and PCBM films that had been deposited onto glass 

slides. These measurements confirmed that all of the films were less than 50 nm in 

thickness, which means that they should be electron transparent and plural scattering 

during the EELS measurements (Section 2.2.1.2) should be reduced. UV-Vis absorption 

measurements (Figure 3.3) also confirmed that these films compare favorably with other 

of CuPc [100], C60 [101], P3HT [30], and PCBM [102] thin films reported in the 

literature. 
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Figure 3.3: Absorbance spectra, obtained via UV-Vis spectroscopy, for (a) CuPc, (b) C60, 
(c) P3HT, and (d) PCBM. These spectra agree reasonably well with data found in the 
literature [30,100–102]. 

 
 
 

3.2.2. Determination of the Complex Dielectric Function via VASE 

Variable-angle spectroscopic ellipsometry (VASE) measurements were conducted 

using the thin films as prepared on the rock salt (CuPc, C60, PCBM) or glass slide (P3HT) 

substrates. An overview of this technique is provided in Section 2.3. For these 

measurements, a J.A. Woolam Variable Angle Spectroscopic Ellipsometer was used, and 

values of psi, Ψ, and delta, Δ, were collected for incident angles of 60°, 65°, and 70°, 

over the energy range of 0.5-4.5 eV (acquired in 0.01 eV steps), as shown in Figure 3.4. 

A model consisting of generalized oscillators was then built and fitted to the experimental 

data via mean-squared error minimization. These models (Figure 3.4, red lines) match the 

experimental data fairly well, suggesting that the extracted values of the energy-
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dependent refractive index, n(E), and energy-dependent extinction coefficient, k(E), 

should be accurate.  

 

Figure 3.4: Shown in this figure are the experimental psi, Ψ, and delta, Δ, data collected 
for (a and b) CuPc, (c and d) C60, (e and f) PCBM, and (g and h) P3HT via VASE 
measurements. These data were collected at various incident angles (blue = 60°, green = 
65°, and yellow = 70°). Also shown are the results of the models (red), which match the 
experimental data fairly well. This figure has been published in reference [86].   
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Figure 3.5: Using equations 3 and 4, the real (left column, ε1) and imaginary (right 
column, ε2) parts of the complex dielectric function were calculated for the data obtained 
via VASE (shown in blue) for (a and b) CuPc, (c and d) C60, (e and f) PCBM, and (g and 
h) P3HT. These experimental spectra were compared to ε1 and ε2 spectra available in the 
literature (shown in red) from reference [103] for CuPc and C60 and from reference [43] 
for P3HT and PCBM. These comparisons show that the collected VASE data is 
consistent with prior measurements. This figure has been published in reference [86].  
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These values of n(E) and k(E) were used to calculate the real (ε1) and imaginary (ε2) 

parts  of  the  complex  dielectric  function using Equations  3  and  4,  and  the  calculated ε1 

and ε2 spectra obtained  from  the  VASE  experiments  were  compared  with the  results  of 

other  VASE  measurements  that  had  been  previously  reported  in  the  literature (Figure 

3.5). For all four materials, the VASE measurements are in fairly good agreement with 

previously published data [43,103]. Thus, once ε1 and ε2 have been obtained via EELS, it 

should  be  possible  to  compare those spectra  to  the  VASE ε1 and ε2 spectra shown  in 

Figure  3.5  (blue  lines) in  order to  determine  if  the CuPc, C60,  P3HT,  and  PCBM thin 

films have been damaged by the electron beam during the EELS data acquisitions.  

 

 

 

Figure 3.6: Steps taken to float the CuPc, C60, P3HT, and PCBM thin films off of their 
rock-salt substrates and onto lacey-carbon TEM copper grids.  
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3.2.3. Development of a Damage-Minimization EELS Acquisition Method 

In order to collect EELS data from the thin films, it was first necessary to float the 

films off of their respective substrates and onto a lacey-carbon TEM copper grid. By 

placing the thin film/rock salt samples into room temperature distilled water, the rock salt 

substrates dissolved, leaving behind only the thin films floating on the surface of the 

distilled water. These thin films were then collected onto separate TEM grids, and the 

grids were placed onto filter paper overnight in order to dry. This process is outlined in 

Figure 3.6.  

EELS data was collected for these films using a monochromated 60 keV electron 

beam in an FEI Titan3 60-300 Image-Corrected S/TEM outfitted with a Gatan Quantum 

spectrometer. A damage-minimization STEM-EELS method was devised in order to 

collect reliable data for these electron beam-sensitive materials. First, the microscope and 

spectrometer were aligned in an area of the TEM grid that did not contain any of the 

organic thin films. The sample stage was then adjusted until the edge of the organic thin 

film was visible in the field of view (approximately 1 µm2 in area). Next, the electron 

beam was blanked (so that it was no longer incident on the sample), and the sample stage 

was blindly moved such that the thin film was brought into the field of view. This 

ensured that the sample had never been exposed to the electron beam before the EELS 

data acquisition, thus removing all possible electron beam damage prior to the EELS 

measurement. Once the sample was brought into the field of view, the electron beam was 

unblanked, and the scanning electron beam was set to raster continuously across the field 

of view. Immediately after the beam began to raster across the sample, the EELS 
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acquisition was started. During these EELS acquisitions, a single spectrum was collected 

at whatever point the rastering beam was at during its continuous scan. Thus, it was 

important to ensure that the thin films covered the entire field of view. If holes or carbon 

film were in the field of view, it was possible that the EELS spectrum collected may have 

coincided with the rastering beam being over the hole or carbon film. In an attempt to 

further reduce the amount of damage incurred by the samples during the acquisition of 

one spectrum, short EELS exposure times (2 – 4 ms) were utilized. Since these exposure 

times were much longer than the dwell times used for the rastering electron beam (which 

were on the order of a few microseconds), this meant that the EELS spectra collected 

were from a small region of the sample rather than from a single point. This reduced the 

beam-damage observed in the EELS data because the exposure of the electron beam was 

spread over a small area of the sample for each 2 – 4 ms exposure, as opposed to keeping 

the electron beam stationary at a single point for 2 – 4 ms. However, although the EELS 

exposure times were longer than the rastering beam’s dwell time, they were still 

relatively short exposure times, which resulted in noisy data. Thus, instead of collecting 

just one spectrum, multiple EELS spectra were collected and summed together (creating 

a single stacked spectrum) in order to improve the signal-to-noise ratio (SNR) of the data. 

For instance, during the first EELS acquisition of a new sample area, ten random spectra 

were acquired and summed together to form one stacked spectrum. Immediately after the 

acquisition of the EELS data, the electron beam was blanked, and the entire acquisition 

process was repeated in order to observe any indications of beam damage in the EELS 

data. During this second acquisition, ten random spectra were again acquired and 
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summed together to form one stacked spectrum. After this acquisition, the electron beam 

was once again blanked and the acquisition settings for one more measurement were 

prepared. For this third acquisition, one hundred random spectra were acquired and 

summed together to form one stacked spectrum. The summation of one hundred spectra 

was chosen because, if there were no signs of observed beam damage, the SNR of this 

data set would be much improved as compared to the summation of only ten spectra.  

This acquisition method resulted in EELS data that was not highly spatially-resolved. 

However, since the first step in studying these organic materials via EELS was to prove 

that reliable data could be collected, the spatial resolution was sacrificed in order to 

simplify the development of the beam-damage minimization acquisition method.  

 

 

 

Figure 3.7: HAADF images collected for each of the thin films after the EELS 
acquisitions: (a) CuPc, (b) C60, (c) P3HT, and (d) PCBM. Insets show schematics of these 
materials. These images were collected using a monochromated 60 keV electron beam. 
This figure has been published in reference [86].  
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These data were collected using a convergence angle (α) of 5 mrad, a collection angle 

(β) of 15 mrad, and for an energy range of -10 to 40 eV (energy dispersion of 0.025 

eV/channel). A larger value of β than α was used to ensure that all of the signal from the 

transmitted electron beam was collected. These conditions resulted in data with measured 

energy resolutions between 0.16 – 0.23 eV (through sample). Only after all of the EELS 

data sets were acquired were high-angle annular dark-field (HAADF) images of the films 

collected (Figure 3.7). 

 

 

Figure 3.8: Multiple EELS acquisitions for (a) CuPc, (b) PCBM, (c) P3HT, and (d) C60. 
For all but C60, electron beam damage was detected in the second and third acquired 
spectra, as the features marked with arrows either disappeared or lost intensity (first 
acquisition = blue, second acquisition = red, and third acquisition = green). 
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3.2.4. Determination of the Complex Dielectric Function via EELS 

For the extraction of the complex dielectric function, the first acquired spectra (10 

summed single spectra – first acquisition) were used for CuPc, P3HT, and PCBM 

because the second (10 summed spectra – second acquisition) and third (100 summed 

spectra – third acquisition) serially acquired spectra exhibited signs of electron beam 

damage (Figure 3.8a-c). However, for C60, there were no indications of electron beam 

damage in the third acquired spectrum, so it was used for analysis due to its improved 

SNR (Figure 3.8d).  

It is worth noting that the P3HT and PCBM spectra collected during the first 

acquisitions (shown in blue) appear to be consistent with measurements shown in Figure 

1.4a-b (red curves), as originally published in reference [29]. However, since it is 

possible that the data sets from reference [29] were collected from electron beam-

damaged P3HT and PCBM films, it was still necessary to extract the complex dielectric 

function from these EELS spectra and compare the results to those obtained from the 

previously described VASE measurements.  

In order to process these EELS data, the zero-loss peaks (ZLPs) of each of the four 

data sets needed to be removed. As discussed in Section 2.2.1.3, ZLPs correspond to 

elastically scattered electrons that pass through the sample with little-to-no energy-loss; 

thus, they provide no information concerning the optoelectronic properties of the sample. 

For these data, the ZLPs were removed using the reflected-tail subtraction routine 

available in DigitalMicrograph [74]. In this method (see Section 2.2.1.3), the ZLP tails 

from the energy-gain (left) side of the ZLP are reflected to the energy-loss (right) side of 
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the ZLP in order to subtract the ZLP intensity from the low-loss spectrum. Since the tails 

of the ZLPs collected on this STEM extended well beyond 5 eV, the low-loss spectra 

were collected starting at an energy-loss value of -10 eV to ensure that enough of the 

energy-gain tails were available to reflect to the energy-loss side of the ZLP. 

Additionally, the reflected-tail cutoff value (given in multiples of the full-width at 

quarter-maximum, FWQM) at which the reflected-tail would be spliced with the 

experimental ZLP was adjusted using the global menu in DigitalMicrograph. This value 

dictates exactly how much of the energy-gain tails are reflected onto the energy-loss side 

of the ZLP, and, if an appropriate cutoff value is not selected, it is possible that too much 

(or, conversely, not enough) signal may be subtracted during the ZLP removal. This 

could introduce artifacts into the resulting inelastic spectrum, which would then affect the 

complex dielectric function extracted from the EELS data. An example of the result of 

the reflected-tail routine is shown in Figure 3.9a for EELS data of C60. 

After subtracting the ZLP (elastic scattering signal) from the low-loss spectra, all that 

remained were signals associated with electrons that had interacted inelastically with  the 

sample. These signals formed inelastic spectra, as shown in Figure 3.9b-e. In all four of 

the spectra, numerous low-loss peaks are observed, suggesting that the electron beam 

damage has been minimized during the EELS acquisitions. However, the only way to 

definitively prove that these spectra are representative of relatively undamaged materials 

was to extract the real (ε1) and imaginary (ε2) parts of the complex dielectric function in 

order to compare to the previously discussed VASE data. In order to extract the real (ε1) 

and imaginary (ε2) parts of the complex dielectric function, it was first necessary to 
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obtain the single scattering distribution since, as discussed in Section 2.2.1.2, the single 

scattering distribution is proportional to Im[−1 𝜀(𝐸)]. However, the inelastic spectra are 

convolutions of both single scattering events and multiple scattering events. Thus, the 

Fourier-Log deconvolution routine available in DigitalMicrograph was used to obtain the 

single scattering distribution for these four inelastic spectra.  

 

 

Figure 3.9: Part (a) shows the low-loss EELS spectrum (black) collected for C60. The 
reflected-tail ZLP subtraction method was used to model the ZLP (blue). Once this ZLP 
was subtracted, all that remained was the inelastic spectrum (red). Parts (b – e) show the 
inelastic spectra obtained for (b) CuPc, (c) C60, (d) PCBM, and (e) P3HT. This figure has 
been published in reference [86]. 

 

 

Once the single scattering distributions had been obtained, Kramers-Kronig analysis 

(see Section 2.2.1.3) was used to extract the complex dielectric function. In order to run 

the Kramers-Kronig routine in DigitalMicrograph, the refractive index is required in 

order to obtain absolute values of the real (ε1) and imaginary (ε2) parts of the complex 

dielectric function [66,74] (see Section 2.2.1.3). Refractive indices of n = 1.9 were 
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utilized for the Kramers-Kronig analysis of CuPc and PCBM, and refractive indices of n 

= 2.0 were utilized for the Kramers-Kronig analysis of C60 and P3HT.  

 

 

Figure 3.10: Real (left column, ε1) and imaginary (right column, ε2) parts of the complex 
dielectric function extracted from low-loss EELS spectra for CuPc (a and b), C60 (c and 
d), PCBM (e and f), and P3HT (g and h). This figure has been published in reference 
[86]. 
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The results of the Kramers-Kronig analysis are shown in Figure 3.10 (left column = 

ε1, right column = ε2). In the ε2 spectra for all four materials, numerous peaks are 

observed, which, as discussed in Section 2.2.1.3, indicates that many single electron 

transitions have been measured via these EELS measurements. As it is extremely likely 

that beam damage would have resulted in the loss of some of these features 

(demonstrated in Figure 3.11 for CuPc), the observation of numerous peaks further 

suggests that this EELS acquisition method has minimized the amount of beam-damage 

incurred by these organic samples.   

 

 

 

Figure 3.11: As the beam dose increases, features in the CuPc ε2 spectrum disappear (see 
black arrow) or lose intensity (red arrow). This is indicative of changes in the electron 
structure, which are most likely due to changes in the local chemistry arising from 
electron beam-damage.   
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Figure 3.12: Comparisons of the real (left column, ε1) and imaginary (right column, ε2) 
parts of the dielectric function obtained using VASE (blue) and obtained using EELS 
(black) for CuPc (a and b), C60 (c and d), PCBM, (e and f), and P3HT (g and h). The 
number of peaks and the energies at which these peaks occur agree favorably between the 
VASE and EELS results. This figure has been published in reference [86]. 
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3.2.5. Comparing the Optoelectronic Properties: VASE and EELS Data 

To conclusively prove that the EELS data collected for CuPc, C60, P3HT, and PCBM 

were representative of materials that had been undamaged by the electron beam, the ε1 

and ε2 data obtained via VASE and EELS were compared (Figure 3.12). As discussed in 

the previous section, electron beam damage should result in the absence of peaks in the 

EELS ε2 spectra as compared to the VASE ε2 spectra. However, by comparing the 

number of peaks observed in each ε1 and ε2 spectrum, as well as the energy at which 

these peaks are observed, the VASE and EELS data sets compare favorably with each 

other. This confirms both that the beam damage minimization EELS acquisition method 

developed for studying these organic materials is effective and that the EELS data 

collected and shown here is reliable.  

When comparing the CuPc ε2 spectra (Figure 3.12b), it is interesting that the two 

peaks at ~2 eV are reversed in their relative intensities (VASE vs. EELS). As shown in 

Figure 3.5b, the VASE ε2 spectrum agreed well with literature data, suggesting that the 

relative intensities of these two peaks is correct for the VASE data. Thus, it is highly 

likely that some error was made in the processing of the EELS data. Most likely this error 

occurred during the ZLP removal from the low-loss spectrum. For the data collected on 

the FEI Titan3 60-300 Image-Corrected S/TEM, the tail on the energy-loss side of the 

ZLP extends well into the right (energy-loss) side of the low-loss spectrum. As shown in 

the example ZLP collected through vacuum (i.e. not through a sample), using identical 

conditions as these data (Figure 3.13), the ZLP extends out to ~5 eV. When the ZLP 
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extraction routine is performed in DigitalMicrograph, the reflected-tail will terminate at 

the first energy-loss value at which the intensity goes negative on the tail, which is 

usually due to noise), thus leaving extra intensity in the inelastic spectrum that should 

have been subtracted by the ZLP extraction routine but was in fact not subtracted. This 

extra intensity may explain why the first peak in the CuPc ε2 spectrum of the EELS data 

is more intense than the second peak, as lower energy-losses would be affected more by 

the extra intensity left from the ZLP extraction routine. This does not affect this analysis, 

however, as all of the peaks observed in the VASE data are also observed in the EELS 

data, confirming that any electron beam damage in the CuPc sample has been minimized. 

It only suggests that the absolute values of ε2 obtained for CuPc may not be accurate.  

 

 

 

Figure 3.13: Example ZLP collected through vacuum, demonstrating how the tails of the 
ZLP extend out to approximately 5 eV, which can affect the removal of the ZLP. 
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Furthermore, it is worth noting that the peaks at approximately 2 eV in the VASE-

acquired ε1 and ε2 spectra of C60 that were absent in the literature data (Figure 3.5c-d) are 

observed in the EELS-acquired data (Figure 3.12c-d). This suggests that these peaks are 

real, whereas they may have been dismissed as an artifact from the fitting (VASE) or an 

artifact from noise (EELS) without the comparisons made here between the two data sets.  

 

 

 

Figure 3.14: Part (a) of this figure identifies which single electron transitions have been 
measured in the experimental ε2 spectrum for C60 [104,105], whereas part (b) identifies 
which single electron transitions have been measured in the experimental ε2 spectrum for 
CuPc [106,107]. The inset of part (a) was adapted from reference [104]. This figure has 
been published in reference [86]. 

 

 

 

3.3. Assignment of Single Electron Transitions 

As discussed in Section 2.2.1.3, it is possible to relate ε2 spectra to known single 

electron transitions by comparing the energies of the peaks in ε2 to the energies of the 

known transitions. Fortunately, such single electron transitions and their energies were 
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readily available in the literature for both C60 and CuPc, which made it possible to 

identify which transitions were measured during the acquisition of the low-loss EELS 

data previously shown.  

Figure 3.14a shows the correlation of peaks in the experimental EELS ε2 spectrum to 

known single electron transitions that were identified for a C60 absorption coefficient (α) 

spectrum by reference [104] and were calculated by references [108,109]. Since it is 

possible to relate the absorption coefficient to the imaginary part of the complex 

dielectric function [78], this means that the energies of the peaks measured in this α 

spectrum should relate closely to the energies of the peaks measured in the ε2 spectrum 

obtained from these EELS measurements (this relationship can be mathematically shown 

proven since 𝛼 =  4𝜋𝑘 𝜆 and 𝜀! = 2𝑛𝑘). As shown in this figure, it was possible to 

relate the energies of the known single electron transitions to each of the first five peaks 

of the C60 ε2 spectrum, and, thus, identify which single electron transitions were observed 

during these EELS measurements. This includes the symmetry-breaking hu to t1u 

transition, the observation of which has been attributed to disorder in C60 thin films by 

reference [104]. Furthermore, it was possible to determine the type of molecular orbital 

(bonding, π, or anti-bonding, π*) for each state shown in the inset [105].  

Similar comparisons were made for the experimental ε2 spectrum of CuPc (Figure 

3.14b) by comparing known single electron transitions obtained from density functional 

theory calculations [106] and measured using vapor-phase absorption spectroscopy [107]. 

Again, all five allowed transitions (the details of which are in Table 3.2) were measured 

in the experimental ε2 spectrum (see the colored arrows). In addition to these five 
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transitions, a vibronic component of the 2a1u → 7eg transition [107] was also measured at 

~2 eV (denoted by the asterisk).  

 

 

Table 3.2: Shown are the known CuPc single electron transitions (as adapted from 
reference [106]). This table has been published in reference [86]. 

Type Transition Theoretical Energy (eV) 

𝜋 C  →  𝜋 (C,N) 2a!"  → 7e! 1.589 

𝜋 C,N! , d!  →  𝜋 (C,N!) 6e!  → 4b!" 4.409 

𝜋 C,N! , d!  →  𝜋 (C) 6e!  → 6a!" 4.693 

𝜋 C  →  𝜋 (C) 2b!"  → 8e! 5.186 

𝜋 C,N! , d!  →  𝜋 (C) 6e!  → 3a!" 5.837 

 

 

 

Knowing these transitions, and, more specifically, the molecular orbitals that they 

correspond to means that it should be possible to determine which bonds are changing (if 

any) at the interface between these two materials. Furthermore, it is possible to determine 

which bonds are breaking in these materials when the samples begin to exhibit beam-

damage. For instance, in the CuPc ε2 spectra shown in Figure 3.11, as the electron dose is 

increased, the feature at ~6 eV (denoted by the red arrow) disappears. Based on the single 

electron transitions shown in Table 3.2, this indicates the breaking of π-bonds for 

transitions from 6eg → 3a1u. However, as shown in Figure 3.11, an electron dose of ~4.8 

C/cm2 has not resulted in all of these bonds breaking, as there is still some measurable 
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intensity at ~6 eV, suggesting that some of these 6eg → 3a1u transitions are still occurring. 

The same cannot be said for the feature at ~2 eV. This vibronic component of the 2a1u → 

7eg transition has completely disappeared after the sample has been exposed to ~4.8 

C/cm2. This proves that, when CuPc is exposed to this high of an electron dose, all of the 

π-bonds arising from the vibronic components of the 2a1u → 7eg transition have been 

broken.  

Unfortunately, known single electron transitions for both P3HT and PCBM were not 

available in the literature, and, thus, it was not possible to identify the single electron 

transitions observed in their ε2 spectra or determine which bonds were breaking as a 

result of electron beam damage. However, if these transitions are computed in the future, 

it should be relatively simple to compare these experimental ε2 spectra to those known 

transitions.  

 

 
3.4. Acquisition of Low-Loss Data with Higher Energy Resolution 

Having proven that reliable EELS data could be collected for CuPc, C60, P3HT, and 

PCBM, identical measurements were conducted using a Nion UltraSTEM 100 MC 

‘HERMES’ S/TEM with higher energy resolution capabilities than that of the FEI Titan3 

60-300 Image-Corrected S/TEM used in the acquisition of the EELS data previously 

discussed.  
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3.4.1. Monochromators: An Overview 

As discussed in Section 2.2, in order to measure EELS spectra with the best energy 

resolutions, monochromators are used. This is because, without a monochromator, the 

energy resolution of EELS spectra is restricted by the inherent energy spread of the 

electron beam from the electron gun [67,68]. The type of monochromator installed in a 

STEM has a large effect on the highest achievable energy resolution possible in EELS 

measurements. The FEI Titan3 60-300 Image-Corrected S/TEM (hereafter referred to as 

‘Titan’) used in the collection of all of the EELS discussed thus far utilizes a Wien filter 

for monochromating the electron beam. This monochromator, designed by Tiemeijer, is a 

double-focusing Wien filter that is placed behind the field emission electron gun [68], 

and the details of this monochromator can be found in reference [67]. Essentially, the 

electron beam is kept at a low voltage (less than 5 keV), passed through the Wien filter 

during which it is dispersed and then accelerated to the operating voltage of the 

microscope [68,70]. After acceleration, an energy-selecting slit is used to filter out 

electrons based on their dispersion [69,110]. For 20 keV electron beams, this 

monochromator design has been shown to result in an energy resolution of 0.1 eV, which 

is much improved from the 0.5 – 0.7 eV inherent spread of the field emission electron 

gun [67,68]. This is consistent with the experiments discussed so far (which were made 

using a 60 keV electron beam and resulted in measured energy resolutions of about 0.15 

eV through vacuum with a dispersion of 0.025 eV/channel), since the energy resolution 

for EELS spectra worsens with increasing accelerating voltage due to the increase in the 

energy spread of the electron beam [38].  
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The Nion UltraSTEM 100 MC ‘HERMES’ S/TEM (hereafter referred to as ‘Nion’), 

however, utilizes a magnetic monochromator, known as an alpha filter due to the 

trajectory of the electrons through the filter, which is described in detail in references 

[69]  and [111]. The primary difference between the alpha filter and the Wien filter is that 

the electrons are dispersed at their final voltage (i.e. 60 keV for these measurements) 

rather than at a lower accelerating voltage as in the Wien filter design used in the FEI 

microscopes [69]. Furthermore, the monochromator and spectrometer are linked to the 

high tension, which means any instabilities in the high tension (electron beam) as it 

passes through the monochromator are tracked by the spectrometer [69,111]. This 

improves the energy resolution of the EELS data as energy shifts due to instabilities of 

the high tension source are eliminated [69]. Using this type of monochromator, energy 

resolutions of 9 meV for a 60 keV electron beam are attainable, which makes it possible 

to measure vibrational features in the extreme low-loss region of an EELS spectrum [71]. 

It is worth noting that these improved energy resolutions were observed for an electron 

beam with a higher accelerating voltage than the one reported by Tiemeijer for his 

monochromator (0.1 eV for 20 keV electron beam [67]). This improved monochromator 

design means that vibrational spectroscopy measurements could be made with relatively 

high spatial resolution, which would make EELS an even more powerful analytical 

technique.  

Having obtained access to a Nion STEM with this type of monochromator, the low-

loss EELS measurements previously discussed (made on the Titan STEM) were repeated 

to see if any more electronic information could be gleaned from these four organic 
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materials (CuPc, C60, P3HT, and PCBM) due to the improved energy resolution 

achievable in this microscope.  

 
 
 

3.4.2. Experimental Methods 

The samples of CuPc, C60, P3HT, and PCBM used in the acquisition of the Nion 

EELS data were identical to those used in the collection of EELS data on the Titan 

microscope. Again, a 60 keV monochromated electron beam was used in combination 

with the damage-minimization acquisition method described in Section 3.2. The data 

were collected in dual-EELS mode with a convergence semi-angle (α) of 34 mrad and a 

collection semi-angle (β) of 44 mrad. In dual-EELS mode, two EELS spectra are 

consecutively collected (i.e. one after the other) during each acquisition. These two 

spectra can be set to collect over different energy-loss ranges, which is why dual-EELS 

mode is commonly used to acquire both low-loss and core-loss EELS spectra at the same 

time. However, for these experiments, dual-EELS mode was used to avoid oversaturation 

of the detector. If the maximum intensity of the ZLP is too large, the detector will 

become oversaturated, which will cause distortions in the collected low-loss spectra. 

These distortions then make it impossible to subtract the ZLP from the low-loss spectra, 

thus rendering the data set useless.  

In order to ensure that the detector did not oversaturate, a short acquisition time (5 

ms) had to be used. However, such a short acquisition time resulted in low-loss spectra 

with poor signal-to-noise ratios (SNRs). Thus, dual-EELS mode was used to acquire one 

spectrum that encompassed the ZLP (5 ms acquisition time, energy-loss range of -1 to 9 
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eV, energy dispersion = 0.005 eV/channel) and one spectrum that avoided the maximum 

intensity of the ZLP (100 – 300 ms acquisition times, energy-loss range of 0.05 – 10 eV, 

energy dispersion = 0.005 eV/channel). By setting the start energy-loss of the second 

spectrum to 0.05 eV, the acquisition times used to collect the low-loss spectra could be 

increased as the maximum of the ZLP (at 0 eV) was no longer acquired in these spectra. 

In order to measure these EELS spectra with the highest energy resolution (35 meV) 

possible for these acquisition conditions, it was necessary to use an energy dispersion of 

0.005 eV/channel, which meant that it was only possible to collect low-loss EELS data 

for energy-losses up to 10 eV. As discussed in Section 2.2.1.2, it is necessary to remove 

plural scattering from inelastic spectra in order to use Kramers-Kronig analysis to extract 

the complex dielectric function. However, to perform a deconvolution of an inelastic 

spectrum, it is necessary that the spectrum extends beyond the plasmon peak so as to 

avoid the introduction of artifacts into the experimental data [66]. Thus, single EELS 

spectra were also collected for the energy-loss range of -5 to 35 eV (energy dispersion = 

0.002 eV/channel, energy resolution = 60 meV). This ensured that a low-loss spectrum 

encompassing the plasmon peak (and beyond) was acquired for these samples.  
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Figure 3.15: Normalize ZLPs collected from the Titan (solid black) and the Nion (sold 
green) STEMs for electron beams transmitted through a CuPc thin film are shown. By 
adjusting the Nion ZLP (solid green) to the same energy resolution of the Titan ZLP (175 
meV), the ZLP shown in the dashed green line was obtained. The values of the full-width 
at half-maximum (FWHM), the full-width at quarter-maximum (FWQM), and the full-
width at tenth-maximum (FWTM) were also measured for the experimentally acquired 
ZLPs. This figure has been published in reference [87]. 

 

 
 

3.4.3. Analysis of the Zero-Loss Peaks 

Before comparing the low-loss EELS data collected on the Nion to that collected on 

the Titan (from Chapter 3), the zero-loss peaks (ZLPs) acquired from passing through the 

CuPc thin film sample were compared, as shown in Figure 3.15. The experimental ZLP 

acquired from the Titan data (energy resolution = 175 meV) is shown in black, and the 

experimental ZLP acquired from the Nion data (energy resolution = 35 meV) is shown in 

green. In first comparing these two ZLPs, it is obvious that the improved energy 
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resolution of the Nion ZLP should simplify the acquisition and analysis of low-loss 

features that are less than 1 eV in energy-loss (such as vibrational peaks, as demonstrated 

by reference [71]. Secondly, the tails of the Nion ZLP do not extend as far into the 

energy-loss side of the low-loss spectrum as they do for the Titan ZLP, which should 

simplify the ZLP subtraction process. Furthermore, it is interesting to note that the shapes 

of the Nion and Titan ZLPs vary slightly. This is mathematically shown by comparing 

ratios of the Titan data to the Nion data for the full-width at half-maximum (FWHM), 

full-width at quarter-maximum (FWQM), and full-width at tenth-maximum (FWTM), as 

listed in the table in Figure 3.15. These ratios show that there is a 10% increase and 15 % 

increase in the ZLP tails for the Titan ZLP at the FWQM and FWTM, respectively. This 

difference is obvious when the Nion ZLP is adjusted so that it has the same energy 

resolution of the Titan data, as shown by the dashed green line in Figure 3.15.   

One possible explanation for this difference in ZLP shape is that the Titan data may 

have been PSF-limited as those spectra were collected with a smaller energy dispersion 

(0.025 eV/channel) than the Nion data was (0.005 eV/channel). The PSF refers to the 

spread of the ZLP due to the detector [38,66]. Ideally, the energy resolution of the 

spectrum could be set such that the entire ZLP could fit within a single channel of the 

CCD [38]. However, the ZLP (and, therefore, other spectral features) is broadened 

beyond this single channel by the detector (for example, as it passes through the 

scintillator), and ZLP signal is detected on multiple channels of the CCD, even if the 

energy resolution is such that it signal should only be detected on one channel [38,66]. 

Thus, it is possible that, at smaller energy dispersions (i.e. 0.1 eV/channel), the energy 
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resolution of the spectrum can become PSF-limited since the spreading of the ZLP by the 

detector may be larger than the actual energy resolution of the spectrum.  

 

 

 

Figure 3.16: Normalized ZLPs collected for different energy dispersions from the Titan 
STEM for electron beams that did not pass through a sample are shown. These ZLPs 
have all been adjusted to match the energy resolution for the ZLP with the worst energy 
resolution (750 meV). This figure has been published in reference [87]. 

 

 

In an effort to determine if the Titan data was PSF-limited, ZLPs with different values 

of energy dispersion were collected on the Titan STEM for an electron beam with a 

nominal energy resolution of 150 meV. By adjusting each of these ZLPs until they all had 
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the same energy resolution (see Figure 3.16), it is clear that, for data collected with 

energy dispersions of 10 meV/channel, 25 meV/channel (used in the Titan EELS 

acquisitions), 50 meV/channel, and 100 meV/channel, there is good agreement in the 

ZLP shape and the ratios of the FWHM/FWQM and FWHM/FWTM. This suggests that 

the Titan data is not PSF-limited when an energy dispersion of 0.25 eV/channel is used to 

acquire low-loss spectra.  

However, while a clear-cut answer for the difference in these ZLP shapes is not 

currently available, this analysis does prove that utilizing this Nion STEM results in a 

ZLP with both a smaller value of FWHM (therefore a higher energy resolution) and a 

decrease in the residual ZLP signal at the FWQM and FWTM, all of which should 

improve the quality of the EELS data acquired.  

 

 

3.4.4. Comparing the Low-Loss Spectra: Titan Data and Nion Data 

Before extracting the optoelectronic properties, the low-loss spectra collected on the 

Titan and on the Nion were compared to see if the enhanced energy resolution of the 

Nion revealed any new features (Figure 3.17). In comparing these spectra, many of the 

same features are observed in both the Nion (green) and Titan (black) data sets. However, 

certain features that appeared only as shoulders on the ZLP in the P3HT, PCBM, and C60 

Titan data are observed as distinct peaks in the Nion data, as pointed out by the red 

arrows in Figure 3.17b-d. Furthermore, what appeared to only be one broad peak at ~7 

eV in the CuPc Titan data is clearly shown to be two distinct peaks in the Nion data (blue 
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arrows in Figure 3.17a). Nevertheless, although some of the low-loss features are more 

defined in the Nion data, no new peaks are observed for energy-losses greater than 1 eV.  

 

 

Figure 3.17: The low-loss spectra measured from the Nion STEM (green) and the Titan 
STEM (black) are compared for (a) CuPc, (b) P3HT, (c) C60, and (d) PCBM. Peaks that 
are more defined in the Nion data are indicated by red and blue arrows (see the text). This 
figure has been published in reference [87]. 

 

 

In all four Nion data sets, the intensity of the ZLP tails are essentially zero prior to the 

onset of the first major peak in the low-loss spectra. Although bandgap analysis was not 

conducted here, these reduced ZLP tails should make it easier to measure the bandgap for 

low bandgap materials (assuming the bandgaps are greater than ~1.5 eV). Furthermore, 
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these reduced tails of the Nion ZLPs should simplify the ZLP subtraction process, as less 

of the ZLP is actually extending into the collected inelastic spectra.  

 

 

Figure 3.18: Nion (a) CuPc spectrum, (b) C60 spectrum, (c) P3HT spectrum, and (d) 
PCBM spectrum displaying features attributed to O-H and C-H vibrational modes. Part 
(a) of this figure has been published in reference [87]. 

 

 

Although no new features were observed for energy-losses greater than 1 eV, there is 

a new feature observed in all four Nion low-loss spectra below 1 eV, as shown in Figure 

3.18. These features are most likely O-H or C-H vibrational modes [112] that were 

obscured by the ZLP in the Titan low-loss spectra.  
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3.4.5. Comparing Optoelectronic Properties: Titan Data and Nion Data 

Though comparisons of the Nion and Titan low-loss spectra (see previous section) 

suggest that the complex dielectric function obtained for the Nion data should be similar 

to that obtained for the Titan data, the only way to prove this was to extract the spectra 

for the real (ε1) and imaginary (ε2) parts of the complex dielectric for the Nion data and 

compare them to the results previously obtained for the Titan data (Figure 3.10). As with 

all previous analyses, two major processing steps were required before Kramers-Kronig 

analysis could be used to extract the complex dielectric function: ZLP subtraction (see 

Section 2.2.1.1) and deconvolution (see Section 2.2.1.2).  

Unfortunately, removing the ZLPs from the Nion low-loss spectra proved to be non-

trivial. As discussed in Section 3.4.2, it was necessary to use dual-EELS mode to acquire 

low-loss spectra with high energy resolutions since the exposure times needed to collect 

spectra with good SNRs caused the ZLP to oversaturate the detector. During these dual-

EELS acquisitions, one spectrum collected the ZLP (Figure 3.19a) and the other spectrum 

collected the low-loss region (0.05 – 10 eV, Figure 3.19b). Since the second spectrum did 

not collect a full ZLP, it was necessary to splice these two spectra together. However, 

when these two spectra were spliced together using the splicing tool in 

DigitalMicrograph, the resulting spectrum (Figure 3.19c) was inappropriate for use of the 

reflected-tail ZLP subtraction method (as described in Section 2.2.1.1) and attempts to 

use the reflected-tail method resulted in a poor subtraction of the ZLP (Figure 3.19d).  
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Figure 3.19: The (a) ZLP and (b) high-resolution low-loss spectra collected in dual-EELS 
mode on the Nion for CuPc. These two spectra were spliced together, which resulted in 
the spectrum in (c). Due to the large noise signal on the left side of the ZLP in (c), the 
ZLP extraction routine did not work properly (d). This figure has been published in 
reference [87]. 

 

 

Thus, it was necessary to develop a method by which proper subtraction of the ZLP 

could be ensured. This was accomplished by smoothing out the energy-gain (left) side of 

the ZLP by replacing the noisy data with a fitted function. Attempts to fit the energy-gain 

tail with various functions were made, and, ultimately, a modified-Voigt function of the 

form:  
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𝑓 ∆𝐸 =  
!!" ! !" (!)
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!" (!(∆!)!!!!)
   Equation 20 

 

where a, b, and c are fitting coefficients, and ΔE is the energy-gain was proven to provide 

the best fits of the energy-gain tails. An example of this fit is shown in Figure 3.20a for 

CuPc, in which the experimental data is shown in black and the fitted function is shown 

in red. These fits were applied to energy-losses of -1 to -0.06 eV, as attempts to fit this 

function to values beyond -0.06 eV (i.e. -0.01 eV) resulted in a poorer fit of the energy-

gain tail as the function was also trying to adequately fit the body of the ZLP.  

 

 

 

Figure 3.20: (a) The left (energy-gain) tail of the CuPc ZLP (black) was fitted to Equation 
20 for the energy range of -1 to 0.06 eV (red dashed line) in order to remove the noise 
shown in Figure 3.17c. (b) By replacing the noisy energy-gain tail with the smoothed fit, 
the reflected-tail method was successful in removing the ZLP (red) from the spliced 
spectrum (black). Once the ZLP was subtracted, only the inelastic spectrum remained 
(blue). This figure has been published in reference [87]. 
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Once the fitting parameters of the modified-Voigt function were determined, the 

noisy data from -1 to -0.06 eV was replaced with data calculated using this modified-

Voigt function. In other words, the noisy black data in Figure 3.20a was replaced with the 

smoothed fitted data of the dashed red line. This then allowed for a proper removal of the 

ZLP via the reflected-tail method, as shown in Figure 3.20b for CuPc. Following the 

successful removal of the ZLP for the CuPc Nion data, this method was repeated for C60, 

P3HT, and PCBM, and the ZLPs were correctly subtracted for all three of these Nion 

data sets.  

Having subtracted the ZLPs from the Nion low-loss EELS spectra, the inelastic 

spectra needed to undergo Fourier-Log deconvolution in order to obtain the single 

scattering distribution. However, as mentioned in Sections 2.2.1.2 and 3.4.2  in order for 

the deconvolution routine to work properly, it is necessary that the spectrum extends 

beyond the plasmon peak so as to avoid the introduction of artifacts into the experimental 

data [66]. As discussed in Section 3.4.2, an energy dispersion of 0.005 eV/channel was 

used to acquire the high-resolution ZLP and low-loss spectra (energy resolution = 35 

meV). However, the use of this energy dispersion meant that it was only possible to 

collect low-loss spectra up to 10 eV. Since the plasmon peaks of these materials occur at 

higher energy-losses (see Figure 3.9b-e), these high-resolution low-loss spectra could not 

be deconvoluted as-is. Thus, the lower-resolution (60 meV) low-loss spectra collected for 

energy-losses of -5 to 35 eV (see Section 3.4.2) was spliced to the high-resolution low-

loss spectra (which consist of the ZLP with smoothed energy-gain tails and the low-loss 
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data to 10 eV, such as the spectrum shown in Figure 3.20b) in order to extend the low-

loss data beyond the plasmon peak.  

Before splicing the two experimental spectra together (high-resolution, -1 to 10 eV, 

and lower-resolution, -5 to 35 eV), it was first necessary to interpolate the lower-

resolution data set so that it had the same energy dispersion as the high-resolution data 

(0.005 eV/channel). Then, once the lower-resolution data was interpolated, the two 

spectra were spliced at 10 eV, and the intensity of the lower-resolution data was adjusted 

so that the splicing was smooth, the results of which are shown in Figure 3.17. These 

resulting spectra consist of the high-resolution (35 meV) data for energy-losses less than 

10 eV, and the lower-resolution (60 meV) data for energy-losses greater than 10 eV.  

Finally, once spectra encompassing energy-losses of -1 to 35 eV were obtained, 

Fourier-Log deconvolution was used to obtain the single scattering distributions. 

Kramers-Kronig analysis (Section 2.2.1.3) was then performed on these single scattering 

distributions in order to extract the complex dielectric function for the Nion data via the 

automated routine available in DigitalMicrograph. The results of this Kramers-Kronig 

analysis were then compared to the results obtained for the Titan data, as shown in 

Figures 3.21 (for the real part, ε1) and 3.22 (for the imaginary part, ε2).  

In comparing the ε1 spectra obtained from the Nion data (green) to the Titan data 

(black) in Figure 3.21, it is clear that the two data sets compare quite well. However, the 

Nion data is better resolved, as would be expected due to the improved energy resolution 

of this instrument. For instance, in the CuPc ε1 spectra shown in Figure 3.21a, there is a 

distinct peak at ~2 eV in the Nion data, whereas only a shoulder is observed in the Titan 
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data. Similarly, there is better definition between the two peaks from 2 – 4 eV in the Nion 

PCBM ε1 spectrum as compared to the Titan PCBM ε1 spectrum, and in the two features 

between 4 – 7 eV in the Nion P3HT ε1 spectrum as compared to the Titan P3HT ε1 

spectrum.  

 

 

 

Figure 3.21: The real part (ε1) of the complex dielectric function extracted from the Nion 
(green) and Titan (black) data sets for (a) CuPc, (b) P3HT, (c) C60, and (d) PCBM. This 
figure has been published in reference [87]. 

 
 
 

In comparing the ε2 spectra obtained from the Nion data (green) to the Titan data 

(black) in Figure 3.22, again, the two data sets compare quite well. As discussed in 

Section 2.2.1.3 and as demonstrated in Section 3.3, peaks in the ε2 spectra correlate to 

specific single electron transitions from occupied to unoccupied molecular orbitals. Thus, 

any new electronic information gleaned from the higher energy resolution data collected 
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on the Nion should result in the observation of new peaks in the Nion ε2 spectra as 

compared to the Titan ε2 spectra. However, although certain features are better defined in 

the Nion spectra as compared to the Titan spectra (for instance, in the CuPc ε2 spectra, 

the two features between 6 and 8 eV are more clearly separated in the Nion ε2 spectrum 

and the peak at ~2.5 eV in the Nion PCBM ε2 spectrum is more distinct) no new features 

are observed. This suggests that using an FEI Titan3 60-300 Image-Corrected S/TEM 

should be adequate for collecting all of the optoelectronic information contained in the 

complex dielectric function of these four materials (assuming an energy resolution of 

approximately 175 meV). It is worth reiterating that this analysis applies only to these 

four materials (CuPc, C60, P3HT, and PCBM), and that the improved energy resolution of 

the Nion may reveal new electronic information for other materials.  

 

 

Figure 3.22: The imaginary part (ε2) of the complex dielectric function extracted from the 
Nion (green) and the Titan (black) data sets for (a) CuPc, (b) P3HT, (c) C60, and (d) 
PCBM. This figure has been published in reference [87]. 
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Although no new features are observed in the Nion ε2 spectra as compared to the 

Titan ε2 spectra (Figure 3.22), the relative intensities of the two peaks at ~2eV in the 

CuPc spectra are reversed. As discussed in Section 3.2.5, the reversal of the relative 

intensities in the Titan data is likely attributable to an error in the ZLP subtraction due to 

the extended tails of the Titan ZLP. However, this error has been avoided in the Nion 

data since the tails of the Nion ZLPs do not extend as far into the acquired inelastic 

spectra, which should result in more accurate absolute values of ε1 and ε2.  

 
 

 
3.4.6. Extraction of Absorption Coefficient Spectra 

Through algebraic manipulations (see Appendix A), it is possible to relate the 

absorption coefficient, α, to both the real, ε1, and imaginary, ε2, parts of the complex 

dielectric through: 

 

𝛼 = !!!!
!

!!! (!!)!!(!!)!

!

!!

      Equation 21 

 

where λ is wavelength. Using this relationship and the extracted energy-dependent ε1 and 

ε2 spectra, the absorption coefficient spectra were extracted from both the Titan and Nion 

data for all four materials (Figure 3.23). As shown in this figure, the absorption 

coefficient spectra compare well for all four materials. Furthermore, not only are all of 

the same peaks observed, but the values of the absorption coefficients are also similar. In 
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the case of C60, these absorption coefficient spectra are also in fairly good agreement with 

data available in the literature [104]. Furthermore, the same single electron transitions 

that were identified in the ε2 spectra for CuPc and C60 (Figure 3.14) are observed in these 

absorption coefficient spectra. This was expected because, as discussed in Section 3.3 

and as shown in Equation 21, α is proportional to ε2. However, the energies of these 

peaks are slightly shifted, which is likely due to the fact that α also depends on ε1.  

 

 
Figure 3.23: The absorption coefficient (α) spectra extracted from the Nion (green) and 
Titan (black) data sets for (a) CuPc, (b) P3HT, (c) C60, and (d) PCBM. These spectra 
were obtained by using Equation 21. This figure has been published in reference [87]. 

 

 

This analysis again demonstrates the power of electron energy-loss spectroscopy. By 

collecting low-loss EELS spectra, it is possible to obtain many optoelectronic properties, 

such as the complex dielectric function, the energy-dependent absorption coefficient, or 
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even the complex refractive index, over a much larger energy range than is achievable via 

spectroscopic ellipsometry or UV-Vis absorption.  

 

 
 

3.5 Summary 

As discussed in Section 1.1, electron energy-loss spectroscopy (EELS) is the ideal 

technique with which to measure the electronic structure at the P3HT/PCBM interface of 

a P3HT:PCBM bulk-heterojunction organic photovoltaic. However, since P3HT and 

PCBM are electron beam-sensitive materials (as are most organic materials), it was first 

necessary to prove that reliable EELS data could be collected for these materials. This 

was accomplished by (1) preparing bulk thin films of P3HT, PCBM, CuPc, and C60,  (2) 

determining the real (ε1) and imaginary (ε2) parts of the complex dielectric function by 

means of variable-angle spectroscopic ellipsometry (VASE), the measurements of which 

should not damage these samples, (3) developing an optimized EELS acquisition method 

that minimizes the damage incurred by electron beam-sensitive materials, (4) extracting 

the real (ε1) and imaginary (ε2) parts of the complex dielectric function from these EELS 

measurements, and (5) comparing the EELS and VASE data to prove that the beam 

damage was minimized during the EELS measurements. This analysis proved that it is 

possible to collect reliable EELS data for beam-sensitive materials, and these collected 

EELS spectra can now serve as standards by which to compare future EELS 

measurements of P3HT, PCBM, CuPc, and C60. Furthermore, it was possible to identify 

the specific single electron transitions measured in the ε2 spectra for CuPc and C60, 
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which, to the best of the author’s knowledge, was the first time this had been 

accomplished using EELS.  

This beam damage-minimization EELS acquisition method was then used to repeat 

the EELS experiments with a Nion UltraSTEM 100 MC ‘HERMES’ S/TEM, which has 

higher energy resolution capabilities than the FEI Titan3 60-300 Image-Corrected S/TEM 

used for all of the previously discussed EELS measurements. The improved energy 

resolution of the Nion UltraSTEM 100 MC ‘HERMES’ S/TEM made it possible to 

observe vibrational features in the extreme low-loss region of the EELS data. However, 

comparing the FEI Titan3 60-300 Image-Corrected S/TEM and Nion UltraSTEM 100 MC 

‘HERMES’ S/TEM data at higher energy-losses showed that the lower energy resolution 

of the FEI Titan3 60-300 Image-Corrected STEM is more than adequate to obtain all of 

the optoelectronic information for CuPc, C60, P3HT, and PCBM. This is an important 

observation, as it suggests that EELS data collected at the donor/acceptor interface of an 

OPV utilizing an FEI Titan3 60-300 Image-Corrected S/TEM should reveal all of the 

pertinent information necessary to understand how the electronic structure at the interface 

correlates to the performance of the OPV.  

Lastly, the energy-dependent absorption coefficients were obtained for CuPc, C60, 

P3HT, and PCBM, the analysis of which demonstrated how STEM-EELS is an can be 

used to determine various optoelectronic properties besides the complex dielectric 

function.  

In summary, the work presented in this chapter has proven that it is possible to 

determine the optoelectronic properties of electron beam-sensitive materials via EELS 
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measurements. In the next chapter, these methods will be extended so as to prove that 

spatially-resolved measurements of the optoelectronic information of beam-sensitive 

materials can also be collected.  
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Chapter 4. Spatially-Resolved EELS Measurements of OPV Devices 

The next logical step, after proving that reliable EELS data could be collected for 

beam-sensitive organic photovoltaic materials, was to try and collect spatially-resolved 

EELS data in an actual organic photovoltaic (OPV) device.  

 

 
 

4.1. Spatially-Resolved Low-Loss EELS of a CuPc/C60 Bilayer Structure 

The bulk of the work to be presented in this section has been published in a peer-

reviewed technical journal, which can be found in its entirety in reference [86].  

Before making spatially-resolved EELS measurements on an actual P3HT:PCBM 

bulk-heterojunction OPV device, in which the P3HT and PCBM domains are mixed 

together, preliminary tests were conducted on a simple CuPc/C60 bilayer structure in an 

attempt to prove that it would be possible to collect spatially-resolved EELS data for 

electron beam-sensitive materials. By using this simpler bilayer construction, it was 

possible to know exactly which material was being probed by the electron beam and 

where exactly the interface between the two materials was located, which made these 

measurements considerably easier than if a P3HT:PCBM bulk-heterojunction were first 

studied.  
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4.1.1. Sample Preparation and Experimental Methods 

The CuPc/C60 bilayer structure (Figure 4.1) was prepared by collaborators at Imperial 

College London via thermal evaporation (the details of which are given in reference 

[86]). Since the goal of these measurements was to collect spatially-resolved EELS data, 

a cross-sectional sample of the CuPc/C60 bilayer structure was prepared using an FEI 

Helios NanoLab 600 DualBeam FIB/SEM. To ensure that any beam-damage from the 

FIB was minimized, a FIB preparation technique similar to that described in reference 

[92] was utilized.  

 

 

 

 

Figure 4.1: Schematic of the CuPc/C60 bilayer structure to be used in preliminary 
measurements of spatially-resolved EELS data. 

 

 



98 
  

EELS data of the CuPc/C60 bilayer structure was collected using a monochromated 60 

keV electron beam in an FEI Titan3 60-300 Image-Corrected S/TEM equipped with a 

Gatan Quantum spectrometer. A damage-minimization EELS acquisition method similar 

to that described for the bulk thin films in Section 3.2.3. was used to collect the data. 

However, it was necessary to adjust the method for the utilization of spectrum imaging, 

which is an EELS acquisition method in which spatially-resolved EELS data can be 

collected. During the measurements described in Chapter 3, the scanning electron beam 

was allowed to raster across the thin films continuously, and, at random points of this 

rastering, EELS spectra were collected. Thus, while it was known that the data was 

coming from a limited area of the sample (~1 µm2 field of view), it was not precisely 

known from where in that ~1 µm2 area the spectra had been collected. However, 

spectrum imaging allows spatial information to also be acquired during EELS 

acquisitions; essentially, as the STEM beam rasters along the sample, an EELS spectrum 

is collected at every point (pixel), thereby creating a three-dimensional data cube in 

which positional and spectral information is obtained [65,66,73]. Thus, similar to the 

measurements described in Section 3.2.3, the microscope and spectrometer were aligned 

far from the area of interest, the electron beam was blanked, and the sample area was 

blindly moved in the field of view. However, instead of continuously scanning the 

electron beam and collecting spectra from random points, the EELS acquisition 

parameters were adjusted for the acquisition of spectrum images. For these CuPc/C60 

spectrum images collected, a step size of 1.6 nm (meaning that an EELS spectrum was 

collected every 1.6 nm) was used, as well as an exposure time of 20 µs. These spectra 
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were also collected with a convergence angle (α) of 5 mrad and a collection angle (β) of 

15 mrad. Furthermore, instead of using the default CCD readout setting of 1x1 binning, 

which collects (for this microscope and spectrometer) ~7 pixels/second, the binning was 

set to be 1x130. This improved the speed of the acquisition to ~570 pixels/second, which 

allowed these large data sets to be collected very quickly. Once all of these settings were 

adjusted, the electron beam was unblanked and the EELS acquisition was immediately 

started. After acquiring these data sets, the data was analyzed using DigitalMicrograph.  

 

 

Figure 4.2: (a) HAADF image of the CuPc/C60 bilayer structure. The red box shows were 
spatially-resolved EELS data was collected, whereas the blue and green boxes show 
specifically where pixels were summed together to obtain the (b) C60 and (c) CuPc low-
loss EELS spectra. This figure has been published in reference [86].  
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4.1.2. Determination of the Complex Dielectric Function 

Before any data could be extracted from the collected spectrum image, the zero-loss 

peak (ZLP) of each pixel (spectrum) was first calibrated so that the ZLP maxima were all 

set to 0 eV. In order to extract a bulk low-loss spectrum for CuPc, pixels from only this 

layer were summed together to obtain the low-loss spectrum shown in Figure 4.2c. The 

pixels used in this summation were those enclosed by the green box (Figure 4.2a), which 

corresponded to a sample area of 48 nm by 448 nm (30 rows of 280 pixels). A similar 

process was used to extract a bulk low-loss spectrum for C60. Pixels corresponding to an 

area of 57.6 nm by 448 nm (36 rows of 280 pixels, enclosed by the blue box in Figure 

4.2a) were summed together, and the low-loss spectrum in Figure 4.2b was extracted. 

Care was taken to ensure that the pixels used to obtain these summed spectra were far 

enough from any interfaces (Al/C60, C60/CuPc, and CuPc/Si) so that these spectra were 

representative of only the bulk materials.  

Comparing this low-loss spectrum for C60 to that collected for the bulk C60 thin film 

from Chapter 3 (Figure 3.8d, green line) shows very good agreement between the data 

sets. While the peaks may not be as distinct in this data, there are still the three major 

peaks at ~4 eV, ~5 eV, and ~6 eV that have been attributed to the bulk C60 signal. 

Conversely, comparing this CuPc low-loss spectrum with that collected for the bulk CuPc 

thin film (Figure 3.8a) shows that the two data sets differ significantly, which will likely 

impact the extracted imaginary part of the complex dielectric function (ε2). However, it is 

worth noting that the energy of the plasmon peak for this CuPc low-loss spectrum (~24 

eV) is similar to the value measured for the pure CuPc film (Figure 3.8a, blue line), 
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suggesting that the differences in the two spectra are not due to chemical differences 

between the two materials. However, to determine if there were any differences in the ε1 

and ε2 spectra for this bilayer structure as compared to the bulk thin films, the zero-loss 

peak of each summed spectrum was first subtracted using the reflected-tail method 

(Section 2.2.1.1). The resultant spectrum was then deconvoluted (Section 2.2.1.2), and 

Kramers-Kronig analysis was used to determine ε2 (Section 2.2.1.3). The results of these 

calculations are shown in Figure 4.3, along with the results for the bulk thin films 

obtained in Chapter 3 (Figures 3.10b and 3.10d).  

 

 

 

Figure 4.3: ε2 spectra obtained via summing pixels from the (a) C60 and (b) CuPc layers 
of the CuPc/C60 bilayer structure (see text for details). Also shown are the ε2 spectra 
obtained for the bulk thin films of (c) C60 and (d) CuPc, as discussed in Chapter 3. All 
four parts of this figure have been published in reference [86].  
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Just as with the low-loss spectrum, the peaks in ε2 from the C60 layer (Figure 4.3a) 

correspond well to peaks measured for the pure C60 film (Figure 4.3c), although the data 

is noisier. However, the same observation cannot be made for the CuPc ε2 spectrum 

collected from the CuPc layer in this structure (Figure 4.3b) and from the pure film 

(Figure 4.3d), as the sharp features from the pure film’s ε2 spectrum are not detected in 

the ε2 spectrum extracted from the CuPc layer of the bilayer structure. The cause of the 

differences in these ε2 spectra is not completely understood, although it has been 

theorized that the growth conditions used in the preparation of the CuPc layer of the 

bilayer structure resulted in molecules with various orientations, which would, in turn, 

result in an ε2 spectra with contributions of the ε2 signals from all of these various 

orientations [86]. Thus, differences between the CuPc ε2 spectrum obtained from the pure 

thin film and the ε2 spectrum obtained from the CuPc layer of the bilayer structure are 

most likely indicative of differences in the morphology of these thin films rather than 

beam damage incurred by the CuPc layer of the bilayer structure. Furthermore, since the 

ε2 spectra for the pure C60 thin film and the C60 layer of the bilayer structure agreed, this 

analysis demonstrates that reliable spatially-resolved low-loss EELS data can be collected 

for electron beam-sensitive materials.  

 

 
4.1.3. Tracking the CuPc/C60 Interface 

Having shown that low-loss EELS data could be collected for OPV materials utilizing 

the technique of spectrum imaging, the next step was to try and track any differences in 
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the low-loss spectra from the bulk C60 layer, through the CuPc/C60 interface, and into the 

bulk CuPc layer. For the purposes of these comparisons, the CuPc low-loss EELS signal 

measured by summing the pixels in the bulk layer of the bilayer structure was taken to be 

the standard by which to compare these spectra. Instead of extracting low-loss spectra 

from relatively large areas (as shown in Figure 4.2a), pixels were only summed for areas 

of 4.8 nm by 448 nm (same length but smaller width). Spectra were first extracted for the 

bulk C60 layer (see Figure 4.4), and then subsequent spectra were collected in 5 nm steps 

through the remaining C60 layer, through the C60/CuPc interface, and into the bulk CuPc 

layer. In the topmost spectra, the three peaks (at ~4, 5, and 6 eV) indicative of the C60 

signal are observed. However, as the area investigated moves through the interface and 

into the CuPc layer, these three peaks are no longer observed. Rather, the two primary 

features in the CuPc spectrum in Figure 4.2c (at ~1.5 and 6 eV) are observed. Thus, it can 

be assumed that the signal measured halfway between (i.e. the pink and light blue lines in 

Figure 4.4) should be indicative of the interfacial signal between these two materials. 

Additionally, a shift in the energy of the plasmon peak was observed from ~26 eV (in the 

pure C60) to ~23.5 eV (in the pure CuPc), and both of these values agree well with the 

data shown in Figure 3.9.  
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Figure 4.4: The low-loss signals were tracked from the bulk C60 (top spectrum) layer, 
through the C60/CuPc interface, and into the bulk CuPc (bottom spectrum) layer for the 
area shown on the HAADF image enclosed by the purple box. These low-loss spectra 
were collected in ~5 nm steps. The dashed line shows the shift in the plasmon peak’s 
energy, whereas the arrows indicate low-loss peaks attributable to pure C60 (top three 
arrows) and pure CuPc (bottom two arrows). This figure has been published in reference 
[86].  

 

 

Unfortunately, since the ε2 spectrum from the CuPc layer of this bilayer structure did 

not match that of the bulk CuPc thin film (for reasons previously discussed), it was not 

possible to track what peaks in ε2 were changing (or if any new peaks were observed) in 

the C60 and CuPc spectra at the interface. However, it is clear from this analysis that it 

should be possible to acquire low-loss EELS data and extract the complex dielectric 

function at the interface between two organic materials.  
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4.2. Spatially-Resolved Low-Loss EELS of P3HT:PCBM OPVs 

Having shown that it was possible to collect spatially-resolved low-loss EELS data 

for beam-sensitive materials in the case of a CuPc/C60 bilayer structure, the next step was 

to apply these same methods to an actual OPV device containing a P3HT:PCBM bulk-

heterojunction photoactive layer. The primary goal of this study was to determine 

whether the pure P3HT and pure PCBM signals could be differentiated, and whether or 

not the interfacial signal between the two domains could be extracted. A P3HT:PCBM 

bulk-heterojunction OPV was prepared by collaborators at Lock Haven University of 

Pennsylvania, and a schematic of the device is shown in Figure 4.5a. The layers of MoO3 

and CsCO3 are just a few nanometers thick, and so they are not resolvable in the HAADF 

image shown in Figure 4.5b.  

 

 

 

Figure 4.5: The (a) schematic of the P3HT:PCBM bulk-heterojunction OPV used in these 
EELS measurements and (b) the corresponding HAADF image collected after the 
acquisition of an EELS spectrum image.  
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4.2.1. Sample Preparation and Experimental Methods 

A cross-sectional sample of the OPV device was prepared using an FEI Helios 

NanoLab 600 DualBeam FIB/SEM. While the goal in preparing any FIB foil for STEM-

EELS measurements is to try to prepare thin samples (less than ~50 nm) so as to reduce 

the amount of plural scattering in the collected data, it was critical that this sample was 

even thinner. This is because the domain sizes of P3HT and PCBM within the 

P3HT:PCBM bulk-heterojunction are on the order of ~10 nm (as discussed in Section 

1.1). As these domains are not continuous throughout the bulk-heterojunction, there is the 

possibility that the extracted FIB foil could contain portions from both P3HT and PBCM 

domains if the foil is not thinner than the size of the domains within the bulk-

heterojunction. This would result in a measured low-loss EELS spectrum with 

contributions from both materials (P3HT and PCBM), from which it would be nearly 

impossible to differentiate the pure P3HT, pure PCBM, and P3HT/PCBM interfacial 

signals. However, it is extremely difficult to prepare FIB foils that are less than ~10 nm 

in thickness, so the goal for these preliminary measurements of a P3HT:PCBM bulk-

heterojunction organic photovoltaic was to try and make the foil as thin as possible with 

the hope that the projection issue could be minimized.  

Once the FIB foil was prepared of the OPV device, STEM-EELS measurements were 

made in an FEI Titan3 60-300 Image-Corrected S/TEM equipped with a Gatan Quantum 

spectrometer using a 60 keV monochromated electron beam. The same spectrum-imaging 

acquisition methods used for the CuPc/C60 bilayer structure were also utilized for these 

OPV devices (see Section 4.1.1). For these measurements, the step size used was 1 nm, 
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the exposure time was 0.5 ms, the convergence angle (α) was 8.3 mrad, and the 

collection angle (β) was 13.8 mrad. Again, 1x130 binning of the CCD readout was used 

to acquire the data as quickly as possible (see Section 4.1.1). DigitalMicrograph was then 

used to analyze the spectra.  

 

 

 

Figure 4.6: Inelastic spectra for the P3HT:PCBM bulk-heterojunction (shown in black), 
and for pure PCBM (shown in blue) and pure P3HT (shown in red). The plasmon energy 
of the P3HT:PCBM bulk-heterojunction sits right between the plasmon energies of the 
pure P3HT and pure PCBM films, suggesting that this signal may have contributions 
from both P3HT and PCBM domains in the thin film.  
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4.2.2. Spatial-Mapping of the Low-Loss Structure in the Bulk Heterojunction 

Before extracting any spectra from the spectrum image, each pixel (spectrum) was 

aligned so that the zero-loss peak (ZLP) maxima were all centered about 0 eV. Using the 

reflected-tail method (Section 2.2.1.2) these ZLPs were then subtracted from every pixel 

(spectrum). This resulted in a spectrum image of only the inelastic signal for the 

P3HT:PCBM bulk-heterojunction (BHJ) layer.  

Since the plasmon peak energy for pure P3HT is ~21 eV, and the plasmon peak 

energy for pure PCBM is ~25 eV (these values have been taken from Figures 3.9d and 

3.9e), it should be possible to differentiate between P3HT domains and PCBM domains 

within the P3HT:PCBM bulk-heterojunction based on the plasmon peak energy of 

extracted low-loss spectra. However, when low-loss spectra were extracted from various 

areas throughout the P3HT:PCBM bulk-heterojunction, the plasmon peak energies were 

found to consistently fall between these two values (21 eV and 25 eV), as demonstrated 

in Figure 4.6. This inelastic spectrum was extracted from an area of 5 nm by 5 nm, the 

dimensions of which were selected so that the areas studied were smaller than the 

diameter of the domains (~10 nm) and is represented by the solid black line. Also shown 

in Figure 4.6 are the inelastic spectra obtained for pure P3HT (solid red line) and pure 

PCBM (solid blue line) discussed in Chapter 3. By comparing the P3HT:PCBM bulk-

heterojunction signal to the pure P3HT and pure PCBM signals, it is clear that the energy 

of the P3HT:PCBM bulk-heterojunction plasmon peak falls directly in between the 

plasmon peak energies of pure P3HT and pure PCBM.  
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Additionally, a spatial map showing the variance of the plasmon energy throughout 

the bulk-heterojunction layer was extracted, as shown in Figure 4.7. This temperature 

map of the energy window 21.539 eV to 26.989 eV shows that the value of the plasmon 

energy is fairly constant throughout the bulk-heterojunction layer, suggesting that 

different regions of P3HT and PCBM are not differentiable.  

 

 

 

Figure 4.7: Temperature map for the energy window of 21.539 – 26.989 eV. This energy 
window corresponds to the energy of the plasmon peak shown for the P3HT:PCBM BHJ 
in Figure 4.6. As is clear from this temperature map, the energy of the plasmon peak is 
fairly constant throughout the entire BHJ.  

 

 

The consistency in these plasmon peak energies suggests that these spectra are all 

convolutions of P3HT and PCBM signals Most likely, this indicates that the thickness of 

the sample is not on the order of one domain size (~10 nm), which is further corroborated 

by the fact that the t/λ value for this extracted spectrum is 0.8. This is thin enough to 
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avoid plural scattering but must not be thin enough to avoid the projection issues 

discussed previously in this section. However, knowing that the data collected were likely 

convolutions of both the P3HT and PCBM signals, the spectrum image was still analyzed 

to determine if any useful/interesting information could be extracted from the EELS data 

collected. (It is worth noting that it is not possible to normalize the intensity of each pixel 

of a spectrum image in DigitalMicrograph, which, unfortunately, affects the raw intensity 

displayed in the temperature map shown in Figure 4.7. The top of the P3HT:PCBM BHJ 

layer looks more intense in the temperature map only because the sample was thinner in 

that region, resulting in more counts in the low-loss spectra.)  

Although the plasmon peak energies were fairly constant throughout the 

P3HT:PCBM bulk-heterojunction, the inelastic spectra differed depending on the area 

from which they were extracted. For example, by summing areas of 5 nm by 5 nm in 

different areas of the P3HT:PCBM bulk-heterojunction (Figure 4.8g), the inelastic 

spectra shown in Figures 4.8a-f were extracted. First and foremost, observations of low-

loss features in these inelastic spectra suggests that any beam damage was minimized 

during the acquisition of the spectrum image of the P3HT:PCBM bulk-heterojunction. 

Secondly, when these spectra are compared to each other, it is interesting that different 

features are observed depending on the area from which the inelastic spectra were 

extracted. For example, sharp peaks at approximately 2 eV and 3.5 eV are observed in the 

inelastic spectra for areas A, D, and E, whereas such sharp peaks are not observed in the 

inelastic spectra for areas B, C, and F (although hints of these peaks are observed in the 

inelastic spectra from areas B and C). In order to determine whether these two sharp 
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peaks were directly attributable to either P3HT or PCBM, the inelastic spectrum 

extracted from area A was compared to the standard inelastic spectra collected for pure 

P3HT and pure PCBM. For these comparisons, the Nion STEM data (Section 3.4) was 

used due to the improved energy resolution of these spectra.  

 

 

 

Figure 4.8: Representative inelastic spectra (a) – (f) selected from the corresponding 
areas (5 nm by 5 nm) as shown in (g). Two sharp peaks are only visible in spectra from 
areas (a), (d), and (e).  

 

 

Comparing these inelastic spectra (Figure 4.9), it appears that the signal collected 

from area A has contributions from both PCBM and P3HT. The first peak, at ~2 – 3 eV 

(denoted by the red arrow) appears in both the P3HT:PCBM bulk-heterojunction inelastic 

spectrum (black line) and the pure P3HT inelastic spectrum (pink line). There also seems 

to be an hint of a peak at ~5 eV (denoted by the purple arrow) in the P3HT:PCBM bulk-
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heterojunction inelastic spectrum, which could be due to the peak observed at that same 

energy in the pure PCBM inelastic spectrum. Finally, the peak at ~6 eV (denoted by the 

orange arrow) in the P3HT:PCBM bulk-heterojunction could be coming from the similar 

feature in the pure PCBM inelastic spectrum.  

 

 

Figure 4.9: Overlay of inelastic spectra from area A of the P3HT:PCBM bulk-
heterojunction from device D (black line), pure PCBM (green line), and pure P3HT (pink 
line). The pure PCBM and pure P3HT inelastic spectra are from the measurements made 
using the Nion STEM, as described in Section 3.4.  

 

 

Although the previously discussed peaks seem to correlate to either P3HT or PCBM, 

it is possible that an interfacial signal at 3.5 eV has been detected in the P3HT:PCBM 

bulk-heterojunction inelastic spectrum. This peak at 3.5 eV (denoted by the blue arrow) 

does not appear to correspond to a strong peak in either the pure P3HT or pure PCBM 
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inelastic spectra. Even though a small feature is observed in the pure PCBM inelastic 

spectrum, the feature observed in the P3HT:PCBM bulk-heterojunction inelastic 

spectrum is more intense, suggesting that it is not simply arising from PCBM. Thus, it is 

possible that this feature corresponds to a transition arising at the interface between the 

P3HT and PCBM domains of the sample. When the electron beam passes through 

multiple layers of different materials (i.e. P3HT and PCBM domains), the inelastic 

spectrum collected should be a convolution of both the bulk materials and their interfacial 

responses. Thus, the observation of a P3HT peak (red arrow), PCBM peaks (purple and 

orange arrows), and possibly a P3HT/PCBM interfacial peak (blue arrow) further 

supports the hypothesis that the P3HT:PCBM bulk-heterojunction inelastic spectra 

obtained from these low-loss EELS measurements are most likely convolutions of signals 

from both P3HT and PCBM domains (as well as the interfaces between), which would 

occur if the sample was thicker than the sizes of the P3HT and PCBM domains in this 

bulk-heterojunction layer.  

Temperature maps corresponding to the 2 eV and 3.5 eV features were obtained for 

the inelastic spectra of the P3HT:PCBM bulk-heterojunction, as shown in Figure 4.10. 

For the 2 eV peak, an energy range of 1.389 – 2.639 eV was used to obtain the map in 

Figure 4.10b. When looking at this temperature map, it appears that some signal at 2 eV 

is observed throughout the entire layer, and that there are just a couple of areas in which 

this feature is slightly more intense.  This is consistent with the spectra shown in Figure 

4.8. For instance, in Figure 4.8c, there is a peak at ~2 eV; it is just not as sharp as the 

peak observed in Figure 4.8a. Similarly, a temperature map of the 3.5 eV peak was 
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obtained by mapping the energy range of 2.989 – 4.589 eV (Figure 4.10c). Intensity 

corresponding to the 3.5 eV peak is observed throughout the entire layer, although there 

are a couple of areas in which the intensity is more intense. This is, again, consistent with 

the spectra shown in Figure 4.8, as the spectrum in Figure 4.8c has a small peak at ~3.5 

eV, whereas the spectrum in Figure 4.8a has a sharp peak.  

 

 

 

Figure 4.10: Temperature maps for the area corresponding to the (a) P3HT:PCBM bulk-
heterojunction. These temperature maps are for the inelastic spectra over energy ranges 
of (b) 1.389 – 2.639 eV and (c) 2.989 – 4.589 eV. These energy ranges encompass the ~2 
eV peak (b) and the ~3.5 eV peak (c).  

 

 

It is not completely understood why only certain areas of this P3HT:PCBM bulk-

heterojunction have sharp 2 eV and 3.5 eV features, whereas these features are less 

intense throughout the rest of the bulk-heterojunction layer. Thus, at this point, the next 

step should be to repeat this measurement and see if similar trends in the inelastic spectra 

are observed.   
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In the inelastic spectra examined here, evidence of both P3HT and PCBM signals 

were observed, suggesting that the sample was not irreparably beam-damaged during the 

acquisition of this EELS data. Although it was not possible to differentiate between 

P3HT and PCBM domains within this P3HT:PCBM bulk-heterojunction sample (and, 

therefore, measure the signal at a single P3HT/PCBM interface), this analysis strongly 

suggests that it should be possible to accomplish this goal if a sample with a thickness of 

~10 nm can be prepared.  

 

 
 

4.2.5. Summary  

Spatially resolved low-loss EELS data was collected for a cross-sectional sample of a 

CuPc/C60 bilayer structure by extending the beam-damage minimization EELS 

acquisition method described in Chapter 3 to the acquisition of spectrum images. From 

these spectrum images, low-loss spectra were extracted for areas corresponding to the 

bulk CuPc and bulk C60 layers within this bilayer structure. Comparisons of these spectra 

suggest that the organic materials in this bilayer structure were minimally altered during 

the acquisition of the low-loss EELS data. Furthermore, it was demonstrated that changes 

in low-loss spectra could be detected at a relatively high spatial resolution by moving 

from the bulk C60 layer, through the C60/CuPc interface, and into the bulk CuPc layer in 5 

nm steps.  

Following these primary measurements, an actual P3HT:PCBM bulk-heterojunction 

organic photovoltaic was studied using the same methods in order to acquire spatially 
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resolved low-loss EELS data. Unfortunately, it was not possible to differentiate between 

the P3HT and PCBM domains within this P3HT:PCBM bulk-heterojunction layer, and, 

therefore, it was not possible to extract the signal at a P3HT/PCBM interface. Most 

likely, this indicates that the sample studied was too thick and that the EELS spectra 

collected were comprised of contributions from both P3HT and PCBM domains (which 

was further supported by the observation of P3HT and PCBM peaks in the analyzed 

inelastic spectra).  

Having proven that reliable EELS measurements could be collected with high spatial 

resolution for beam-sensitive organic materials, the major limitation in measuring the 

optoelectronic properties at the P3HT/PCBM interface in a P3HT:PCBM bulk-

heterojunction organic photovoltaic will be preparing samples whose thickness is on the 

order of the domain size (~10 nm). However, for simpler functional devices (i.e. bilayers) 

that utilize electron beam-sensitive materials, the work shown here demonstrates how it 

should be possible to collect low-loss EELS data that is both reliable and spatially-

resolved.  
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Chapter 5. EELS of an Organic Ferrimagnetic Semiconductor: V[TCNE]x~2 

As discussed in Section 1.2.1, vanadium tetracyanoethylene – V[TCNE]x~2 – is an 

organic-based ferrimagnetic semiconductor known primarily for its room-temperature 

magnetic ordering. This property makes it a desirable material for various applications, 

such as magnetic shielding, magnonic circuits, and spintronic devices [47,50,51,54–56]. 

In fact, various studies have been conducted on V[TCNE]x~2 in an effort to understand 

the magnetic properties of this material [48–50,53,55,56]. However, the optoelectronic 

properties have not yet been measured. Additionally, it has not been determined how the 

oxidation state of the vanadium ions varies throughout the thin film (if it does at all) as all 

previous reports of the vanadium oxidation state have utilized bulk characterization 

techniques [47,48,54].  

In an effort to resolve these uncertainties, electron energy-loss spectroscopy (EELS) 

has been used to: (1) determine the oxidation state of vanadium in V[TCNE]x~2, as 

discussed in Section 5.2, (2) track how the vanadium oxidation state varies throughout 

the V[TCNE]x~2 thin film, as discussed in Section 5.3, and (3) probe the optoelectronic 

properties of V[TCNE]x~2, as discussed in Section 5.4.  
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5.1. Sample Preparation and Experimental Methods 

Samples of V[TCNE]x~2 films were prepared by collaborators at The Ohio State 

University via chemical vapor deposition, the details of which are available in reference 

[113].  

As discussed in Section 1.2.1, V[TCNE]x~2 films are air-sensitive, which makes it 

extremely difficult to measure electron energy-loss spectra, because, unless a vacuum 

TEM transfer rod is available, the sample must be exposed to air during the sample 

loading process. Such exposure to air could cause the V[TCNE]x~2 films to oxidize, 

which could affect the measured optoelectronic properties and oxidation states of the 

vanadium ions. Since a vacuum TEM transfer rod was not readily available, a sample 

loading process was developed in which a plan-view Al/V[TCNE]x~2/SiN sample (Figure 

5.1) was loaded into a (normal) TEM sample rod while both the sample and TEM sample 

rod were located within an argon-filled glovebox. Once the plan-view sample was loaded 

into the TEM sample rod, the end of the TEM sample rod was enclosed in a sealed cap, 

thus ensuring that the sample remained in the argon gas environment as the TEM sample 

rod was transported to the FEI Titan3 60-300 Image-Corrected S/TEM used for these 

experiments. Once at the microscope, the sealed cap was removed from the end of the 

TEM sample rod, and the rod was immediately loaded into the microscope (into a 

vacuum environment). Thus, this process limited the amount of time that the sample was 

exposed to air to just the few seconds that it took to load the TEM sample rod into the 

microscope after the sealed cap was removed. As exposing the sample to some air was 

unavoidable via this method, an aluminum capping layer was grown on top of the 
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V[TCNE]x~2 film to help prevent direct exposure of the V[TCNE]x~2 layer to the air. 

Although the process of loading the plan-view sample into the TEM sample rod within an 

argon-filled glovebox was tedious, this method proved to be relatively efficient in 

limiting the amount of air the sample was exposed to prior to the EELS measurements.  

 

 

Figure 5.1: Schematic of the plan-view V[TCNE]x~2 sample investigated using EELS. 
The SiN membrane serves as a support film for the V[TCNE]x~2, and the Al served as a 
capping layer to prevent direct exposure of the V[TCNE]x~2 thin film to air.  

 

 

Once the sample was in the microscope, EELS data was collected using a 

monochromated 300 keV electron beam in an FEI Titan3 60-300 Image-Corrected 

S/TEM outfitted with a Gatan Quantum spectrometer. These data were collected using 

the beam damage-minimization method developed for the organic photovoltaics in 

Section 3.2.3, as it was expected that the TCNE2- component of the V[TCNE]x~2 thin 

films may be electron beam-sensitive (see Section 3.1. for an overview of beam damage 
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in organic materials). First, the microscope and spectrometer were both aligned in an area 

of the plan-view Al/V[TCNE]x~2/SiN sample from which data was not going to be 

collected. The sample stage was then adjusted until the plan-view sample was brought 

into the field of view (which was approximately 1 µm2 in area), following which the 

electron beam was blanked. While the electron beam was blanked, the sample stage was 

blindly adjusted so that an area of the plan-view sample that had not been previously 

exposed to the electron beam was brought into the field of view. Once the sample stage 

had been adjusted, the electron beam was unblanked and set to continuously raster across 

the sample. Immediately following this step, a low-loss EELS acquisition was begun, 

during which ten single spectra were collected from random areas within the field of view 

(using a dwell time of 100 ms) and summed together to form one single stacked 

spectrum. By summing the ten single spectra together and forming a single stacked 

spectrum, the signal-to-noise ratio (SNR) of the spectrum was improved. This method 

resulted in the low-loss spectrum shown in Figure 5.2.  

Since this data was collected from an electron beam that was transmitted through a 

multi-layered plan-view sample, the data shown in Figure 5.2 is a convolution of the Al, 

V[TCNE]x~2, and SiN signals, as well as any contributions from responses at the 

interfaces between those materials. Thus, it is not possible to immediately determine 

which features in this low-loss spectrum are attributable to V[TCNE]x~2 (as opposed to Al 

or SiN). Theoretically, it should be possible to extract only the V[TCNE]x~2 signal from 

this low-loss spectrum via the methods developed by Bolton and Chen [114]. However, 

when these methods were applied to this data set, it was determined that the analysis was 
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too challenging and time-consuming to pursue if there were the slightest possibility that 

data could instead be collected from a cross-sectional sample (the benefit in collecting 

EELS data from a cross-sectional sample is that spectra could be acquired for only the 

V[TCNE]x~2 thin film, which would simplify the analysis of the EELS data 

tremendously).  

 

 

Figure 5.2: Low-loss EELS spectrum collected for the Al/V[TCNE]x~2/SiN plan-view 
sample described in Figure 5.1. This spectrum is a convolution of the Al, V[TCNE]x~2, 
and SiN signals, as well as their interfacial responses.  

 

 

The easiest way in which to prepare a cross-sectional sample of a V[TCNE]x~2 film 

would be to use a focused ion beam (FIB) microscope. However, as loading samples into 

and out of the FIB requires exposing the sample to air if special holders/attachments are 
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not available, it was not clear if it would even be possible to prepare a V[TCNE]x~2 cross-

sectional sample without the film oxidizing during this sample preparation process. 

Nevertheless, preparing a cross-sectional V[TCNE]x~2 sample using the FIB was 

attempted, because, as mentioned before, preparing cross-sectional samples would 

simplify the EELS analysis immensely.  

Although it was impossible to avoid exposing the sample to air during the FIB sample 

preparation process, certain steps were taken to ensure that any air-exposure was 

minimized. Again, collaborators grew a thin film of V[TCNE]x~2 (this time on a Si 

substrate) and capped the layer with Al to prevent direct air exposure of the V[TCNE]x~2 

thin film while the sample was loaded into the FIB (Figure 5.3a). While inside an argon-

filled glovebox, this Al/V[TCNE]x~2/Si sample was attached to an aluminum stub by 

using a carbon sticky tab, after which the sample was placed into an enclosed plastic 

container. This plastic container was then placed into multiple plastic bags in an attempt 

to keep the sample within an argon gas environment until it was to be loaded into the FEI 

Helios NanoLab 600 DualBeam FIB/SEM. Directly upon removal from the plastic bags 

and the plastic container, the Al/V[TCNE]x~2/Si sample was loaded into the FIB, and a 

cross-sectional thin foil of the sample was extracted. After extraction, this thin foil was 

immediately loaded into the TEM sample rod and, finally, into the FEI Titan3 60-300 

Image-Corrected S/TEM microscope.  

Unlike the sample loading process for the plan-view sample, this process was more 

challenging, as there were multiple points during the sample preparation process that the 

sample was exposed to air. However, the goal of this method was to minimize the time 
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during which the sample was exposed to air with the hope that oxidation of the 

V[TCNE]x~2 layer could be prevented.  

 

 

 

Figure 5.3: (a) Schematic of the sample prepared for cross-sectional EELS 
measurements. (b) HAADF image of the cross-section FIB foil prepared for the 
V[TCNE]x~2 EELS measurements. 

 
 
 
 

As with the plan-view sample, the FEI Titan3 60-300 Image-Corrected S/TEM 

outfitted with a Gatan Quantum spectrometer was used in the acquisition of the EELS 

data. To collect site-specific EELS data, the method of spectrum imaging was utilized. As 

described in Section 4.1.1, spectrum imaging makes it possible to collect three-

dimensional data sets in which extracted EELS spectra can be correlated to specific areas 

of the sample [65,66,73]. Since both the optoelectronic properties and the vanadium 

oxidation states were to be probed, both low-loss and core-loss spectrum images were 
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acquired. The low-loss spectrum images were collected for energy-losses less than 40 eV, 

and the core-loss spectrum images were collected for energy-losses between 505 and 55 

eV. This core-loss energy range encompassed the oxygen-K edge (at 532 eV [115]), 

which could be used to prove whether or not the V[TCNE]x~2 layer had oxidized during 

the sample preparation process, as well as the V-L2,3 edge (L3 = 513 eV, L2 = 521 eV 

[116]), which could be used to determine the oxidation state of the vanadium ions in 

V[TCNE]x~2. High-angle annular dark field (HAADF) images were collected after 

acquiring the EELS data, and an example HAADF image is shown in Figure 5.3b. 

Analysis of the core-loss spectrum images were discussed in Sections 5.2 and 5.3, and 

the analysis of the low-loss spectrum images will be discussed in Section 5.4 (the specific 

accelerating voltages, steps sizes, exposure times, convergence angles, and collection 

angles used during the acquisitions of these low-loss and core-loss EELS data sets will 

also be outlined in these sections).  

 

 

5.2. EELS of an Organic Ferrimagnetic Semiconductor: V[TCNE]x~2 

Based on X-ray absorption near edge structure (XANES) measurements of various 

vanadium oxides (see Figure 5.4), it has been determined that the energy of the V-L3 

peak should increase from 515.5 eV to 519 eV in approximately 0.7 eV steps as the 

oxidation state of vanadium increases from V0 to V5+ [117]. This suggests that, if the 

energy of the V-L3 peak is known, it should be possible to determine the oxidation state 

of the vanadium ions in V[TCNE]x~2 thin films.   



125 
 

 

Figure 5.4: Relationship between the energy of the V-L3 edge and the V oxidation state, 
as determined via XANES measurements of various vanadium oxides. This plot was 
originally published in reference [117]. 

 
 

As reported in reference [48], researchers have used XANES to determine the 

oxidation state of V in V[TCNE]x~2. Figure 5.5a shows the results of these XANES 

measurements, and, from which the oxidation state of V in [TCNE]x~2 was determined to 

be approximately V2+ [48]. These measurements were consistent with other XANES 

measurements of V[TCNE]x~2 thin films, as shown in Figure 5.5b [118]. Although 

XANES can be used to determine similar information about a sample as core-loss EELS 

can (such as oxidation states) [38], these measurements cannot be made with the high 

spatial resolution that is achievable in the STEM, which means that only the bulk signal 

of the oxidation state can be extracted. Thus, core-loss EELS (see Section 2.2.2 for an 

overview) measurements were made to determine: (1) the oxidation state of the vanadium 
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ions in V[TCNE]x~2 and if it confirms previous assertions that the oxidation state is V2+ 

and (2) how the oxidation state varies (if it does) throughout the V[TCNE]x~2 thin film. 

The first analysis will be discussed in this section, while the second analysis will be 

discussed in the next section (Section 5.3). 

 

 

 

Figure 5.5: (a) XANES measurements of the V-L2,3 edge in V[TCNE]x~2. The first peak 
is attributable to the V-L3 peak and the second is attributable to the V-L2 peak. This plot 
was originally published in reference [48] and has been adapted for use in this 
dissertation. (b) XANES measurements of the V-L2,3 edge in  V[TCNE]x~2 for oxidized 
(green) and un-oxidized (blue) films. This plot was originally published in reference 
[118] and has been adapted for use in this dissertation.  

 

 

For these EELS measurements, a FEI Titan3 60-300 Image-Corrected S/TEM with a 

300 keV monochromated electron beam was utilized to collect low-loss and core-loss 

EELS spectrum images using dual-EELS mode (which is described in Section 3.4.2). 

Although the oxidation state will be determined from the core-loss EELS spectrum 
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images, it was necessary to also collect low-loss EELS spectrum images in order to 

properly align the core-loss EELS data. If the core-loss EELS data were not aligned, an 

absolute value of the V-L3 peak could not be extracted, and, thus, the oxidation state of 

the vanadium ions could not be determined. However, the only way to accurately align 

any EELS spectrum is to set the maxima of the zero-loss peak (ZLP, described in Section 

2.2) to 0 eV, which is why corresponding low-loss EELS spectrum images were also 

collected via dual-EELS mode. These low-loss and core-loss EELS spectrum images 

were collected using an α (convergence angle) of 5.5 mrad, a β (collection angle) of 8.5 

mrad, and an energy dispersion of 0.025 eV/channel (a larger value of β than α was used 

to ensure that all of the signal from the transmitted electron beam was collected). 

Furthermore, the core-loss spectrum images were acquired using a step size of 3.5 nm 

and an exposure time of 50 ms per pixel. Additionally, the CCD was set to 1x130 binning 

(rather than 1x1 binning) to increase the readout speed to ~570 pixels/second. This 

reduced the time necessary for the acquisition of these large data sets (see Section 4.1.1).  

The first step in analyzing the collected core-loss spectrum image was to align each 

pixel (spectrum) by using the ZLP of the sister low-loss spectrum image collected during 

the dual-EELS acquisition. Once the core-loss spectra were properly calibrated, 84 rows 

of 114 pixels of the core-loss spectrum image were summed together (corresponding to 

an area of ~400 nm by ~295 nm, see the red box in Figure 5.6), and a core-loss spectrum 

was extracted (blue line in Figure 5.6), the energy resolution of which was 0.35 eV. In 

examining this core-loss spectrum, there is no appreciable signal measured at the oxygen-

K edge (532 eV [115]), which proves that the sample did not oxidize during the sample 
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preparation process. This suggests that, if the proper steps are taken (as described in 

Section 5.1), it should be possible to prepare cross-sectional FIB foils of air-sensitive 

samples like V[TCNE]x~2. Secondly, the two peaks observed in the core-loss spectrum 

shown in Figure 5.6 are attributable to the V-L2,3 edge [116], for which the first peak is 

attributed to the V-L3 peak and the second peak is attributed to the V-L2 peak.  

 

 

 

Figure 5.6: Area from which the bulk core-loss EELS data shown on the right was 
extracted (~400 nm by ~295 nm). A power law model was used to extract the background 
signal (red) from the collected core-loss spectrum (blue) in order to obtain the V-L2,3 
edge signal (black).   

 

 

Having extracted the core-loss spectrum, the background signal of the V-L2,3 edge 

was subtracted from the spectrum using the power law background subtraction routine in 

DigitalMicrograph (Section 2.2.2), as shown by the red line in Figure 5.6. The remaining 

signal (shown in black) correlates to the actual V-L2,3 edge signal. In order to 
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quantitatively determine the value of energy-loss corresponding to the maximum of the 

V-L3 peak, Gaussian functions of the form 𝑓 𝑥 = 𝐴𝑒!((!!!) !)! were then fitted to each 

of the peaks V-L2,3 of the edge signal shown in Figure 5.6. This value of energy-loss 

should correspond to a specific vanadium oxidation state as energy shifts of core-loss 

edges correspond to changes in the chemistry of the specimen [66].  

From the Gaussian functions fitted to the V-L3 peak, the energy-loss associated with 

the maximum of this peak is 517.4 eV, which best corresponds to an oxidation state of 

~V2+ based on the results of Figure 5.4. This corroborates previous measurements in 

which the oxidation state was determined to be V2+ for vanadium in V[TCNE]x~2 thin 

films [47,48,54]. However, what is more interesting is that, upon comparing the shape of 

the V-L2,3 edge obtained from these EELS measurements to that obtained from XANES 

measurements (Figure 5.5), the EELS V-L2 peak does not exhibit the same doublet 

structure that is observed in the both the XANES data. (The XANES data shown in 

Figure 5.5a were collected with reversed magnetizations, M+ and M- [48]). Although the 

observation of only a single V-L2 peak is consistent with other EELS measurements of 

vanadium compounds [119,120], it is not immediately clear why the EELS data should 

differ from the XANES data for the V-L2 peak. The natural line widths of the V-L2 core 

level should not prohibit the observation of the doublet on the V-L2 peak since the energy 

broadening of this core level is only ~0.3 eV [66], which is below the energy resolution 

(0.35 eV) used to acquire the data. Furthermore, since the doublet peaks are separated by 

at least 1 eV, the energy resolution should not prohibit the observation of the doublet 

structure either.   
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Figure 5.7: Simulated V-L2,3 edge using the CTM4XAS software [121]. The V2+ 
oxidation state used, along with octahedral symmetry, 10Dq = 2.4 eV, Gaussian 
broadening = 0.35 eV, L3 broadening = 0.2 eV, and L2 broadening = 0.4 eV (all other 
values were left as defaults).  

 

 

Computer simulations using the CTM4XAS software developed by de Groot [121] 

were used to perform crystal field multiplet calculations in order to simulate the core-loss 

EELS spectrum for the V-L2,3 edge. In this simulation, the oxidation state of the 

vanadium was set to V2+, the symmetry was set to octahedral (Oh) [48,49,54,118], and 

the Gaussian broadening (which correlates to the instrumental broadening) was set to 

0.35 eV since that was the energy resolution of the EELS measurements. A previous 

report available in the literature stated that, for V[TCNE]x~2, the value of the cubic crystal 

field splitting (10Dq) should be 2.4 eV, and the values of the L2 and L3 broadening 

should be 0.4 eV and 0.2 eV, respectively [118]. Using these values, the simulated 

spectrum shown in Figure 5.7 was obtained. In this spectrum, the doublet peak is still 

observed for the L2 peak, further confirming that the energy resolution of the EELS 
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measurement should not be the reason for why this doublet structure is not observed in 

the experimental data. Furthermore, although the availability of a Coster-Kronig decay 

channel broadens the L2 component [120,122], this broadening should be accounted for 

in the 0.4 eV. XANES measurements showed that the V-L2 doublet peak broadens to a 

single peak when oxidized (see Figure 5.5b) [118], but, as proven here, there is no 

oxygen signal in the core-loss EELS spectrum (Figure 5.6), suggesting that this sample 

has not been oxidized. 

Thus, it is currently unclear why the EELS V-L2 peak does not exhibit the same 

doublet structure observed in the XANES data available in the literature for V[TCNE]x~2 

[48,118]. Since these are magnetic materials, there is the possibility that magnetic effects 

could affect the EELS data collected, or, conversely, perhaps the sample grown is not 

homogenous in its octahedral symmetry, which may also affect the shape of the V-L2 

peak. Before immediately attempting to answer these questions, though, it would be most 

prudent to first determine if it is even possible to measure the doublet structure of the V-

L2 peak via EELS by making similar measurements as the ones shown here on standard 

vanadium compounds (i.e. oxides and carbides). Then, depending on whether or not the 

V-L2 doublet structure is observed the question that can be asked is either (1) why is this 

structure observed in XANES measurements but not EELS measurements, or (2) why is 

this structure observed in standard vanadium compounds but not V[TCNE]x~2.  
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5.3. Spatial-Mapping of the Oxidation State of Vanadium 

A primary advantage of measuring the oxidation state of vanadium ions in 

V[TCNE]x~2 thin films using STEM-EELS is that the homogeneity/inhomogeneity of the 

vanadium oxidation state can be tracked throughout the thin film with very high spatial 

resolution. The same data set acquired in the previous section was used to extract the V-

L2,3 edge for much smaller areas of the V[TCNE]x~2 layer, as only 5 rows of 117 pixels 

(~17.5 nm in height, ~410 nm in width) were summed together (as opposed to 84 rows of 

114 pixels used in the previous section). These spectra were extracted sequentially from 

the top of the V[TCNE]x~2 film to the bottom of the film in order to track any changes in 

the core-loss spectra, and the background signal was subtracted using the power law 

subtraction (Section 2.2.2) routine available in DigitalMicrograph, leaving only the edge 

signal remaining. Figure 5.8 shows this tracking of the V-L2,3 edge signal through the 

V[TCNE]x~2 thin film.  

While Figure 5.8a suggests that there is no variance in the energy at the maxima of 

the V-L3 edge, (and therefore in the oxidation state of the vanadium ions) from the top of 

the V[TCNE]x~2 thin film to the bottom of the V[TCNE]x~2 thin film, Gaussian functions 

were again fitted to each of the L3 peaks in these core-loss edge signals in order to 

definitively prove that this peak energy value was constant. Of the 16 sequential spectra 

that were used in the tracking of the oxidation state, the value of the peak energy was 

determined to be 517.3 eV for three of the spectra and 517.4 eV for the other thirteen, 

which conclusively proves that the oxidation state of the vanadium ions in the 

V[TCNE]x~2 is not changing throughout this thin film.  
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Figure 5.8: (a) V-L2,3 edge signals obtained from areas of 17.5 nm by 410 nm of the 
V[TCNE]x~2 thin film, as shown in (b). The topmost spectrum, shown in black, correlates 
to the topmost area of the thin film. As these stacked spectra show, there is no variance in 
the energies of the L3 peak, which suggests that the oxidation state of the vanadium ions 
is constant throughout the V[TCNE]x~2 film.  

 

 

This is an extremely important determination, as it was not known previously whether 

or not the oxidation state of the vanadium ions varied throughout the V[TCNE]x~2 thin 

film. However, as this analysis shows, the oxidation state is constant throughout the thin 

film, suggesting that the chemical composition of this V[TCNE]x~2 thin film is fairly 

homogenous.  
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5.4. Probing the Optoelectronic Properties of V[TCNE]x~2 

For these EELS measurements, a FEI Titan3 60-300 Image-Corrected S/TEM with a 

300 keV monochromated electron beam was utilized to collect low-loss and core-loss 

EELS spectrum images. These low-loss and core-loss EELS spectrum images were 

collected using an α (convergence angle) of 5.5 mrad, a β (collection angle) of 8.5 mrad, 

and an energy dispersion of 0.025 eV/channel (a larger value of β than α was used to 

ensure that all of the signal from the transmitted electron beam was collected). 

Furthermore, the low-loss spectrum images were acquired for energy-losses of -5 to 45 

eV using a step size of 0.83 nm and an exposure time of 0.1 ms per pixel. Additionally, 

the CCD was set to 1x130 binning (rather than 1x1 binning) to increase the readout speed 

to ~570 pixels/second, as this reduced the time necessary for the acquisition of these 

large data sets (see Section 4.1.1). The core-loss spectrum image was collected for 

energy-losses of 505 to 555 eV using a step size of 1.1 nm and an exposure time of 5 ms. 

Again, the CCD was set to use 1x130 binning during the readout process in order to 

increase the readout speed. As these low-loss and core-loss spectra were not acquired in 

dual-EELS mode, the low-loss spectrum image was collected first to ensure that any 

beam-damage that could affect the measured optoelectronic properties was minimized. 

The energy resolution of a single pixel (spectrum) was determined to be 0.225 eV.  

To first determine whether or not the V[TCNE]x~2 had oxidized during the sample 

preparation process, a representative core-loss spectrum was extracted from the core-loss 

spectrum image by summing pixels in the V[TCNE]x~2 layer (dimensions of ~220 nm by 

~300 nm in height), as shown in Figure 5.9. As no strong peak is observed at the oxygen-
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K edge (532 eV [115]), this proves that the V[TCNE]x~2 layer had not oxidized. Thus, 

any low-loss spectra extracted should be representative of the bulk V[TCNE]x~2 material.  

 

 

 

Figure 5.9: By summing all of the pixels included in the red box (left), the V[TCNE]x~2 
core-loss EELS spectrum encompassing the V-L2,3 edge, as well as the O-K edge, was 
determined. As there is not strong peak at the O-K edge (~532 eV), it can be assumed 
that the V[TCNE]x~2 layer has not oxidized.   

 

 

Having proven that the low-loss EELS data collected for the V[TCNE]x~2 sample 

prepared via FIB had not oxidized, the next step was to process the low-loss EELS data 

in order to extract the complex dielectric function. First, each pixel (spectrum) of the low-

loss spectrum image was calibrated so that the maxima of the zero-loss peak (ZLP, see 

Section 2.2.1.1) was set to 0 eV. A bulk V[TCNE]x~2 low-loss EELS spectrum was then 

extracted from the low-loss spectrum image by summing most of the pixels that 
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corresponded to the V[TCNE]x~2 layer. Figure 5.10 shows the area over which these 

pixels were summed (dimensions of ~135 nm by ~295 nm) and demonstrates how the 

area summed was positioned far enough away from both the Al and Si layers such that 

interfacial signals would not affect the data analyzed. Unlike the low-loss EELS spectrum 

shown in Figure 5.2, this low-loss EELS spectrum no longer has contributions from the 

aluminum capping layer or the substrate. Thus, since its signal is entirely attributable to 

V[TCNE]x~2, the processing of the data should be fairly straightforward. Furthermore, 

there are observable features in the 0 – 10 eV energy-loss range of this low-loss 

spectrum, which should, hopefully, correlate to features in the complex dielectric 

function spectra. The energy resolution of this summed spectrum was determined to be 

0.225 eV.  

As with all low-loss spectrum analyses, the first step in analyzing this extracted low-

loss spectrum (Figure 5.10) was to remove the ZLP from the spectrum. This was 

accomplished by using the reflected-tail method (see Section 2.2.1.1). Similar to the other 

EELS analyses discussed in the previous two chapters, it was necessary to determine 

what value of reflected-tail cutoff (given in multiples of the half-width at quarter-

maximum, HWQM) was most appropriate. As discussed in Section 2.2.1.1, this value 

controls how much of the ZLP tail from the energy-gain (left) side of the ZLP is reflected 

to the energy-loss (right) side of the ZLP [74]. Various multiples of HWQM were tried, 

as shown in Figure 5.11a, and, based on this analysis, a value of 2.5 HWQM resulted in 

the most symmetric reflected tail, as values larger than this caused a kink at the splicing 
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point between the experimental ZLP and the reflected tail on the energy-loss side, as 

denoted by the circles.  

 

 

Figure 5.10: Extraction of the bulk low-loss spectrum for the V[TCNE]x~2 layer of the 
sample shown in Figure 5.3a. Outlined in green is the area over which the entire spectrum 
image was collected, whereas outlined in red is the area for which pixels were summed to 
obtain the low-loss spectrum for the V[TCNE]x~2 layer. This area was ~153 nm by ~295 
nm.  

 

Using this value of reflected-tail cutoff (2.5 HWQM), the ZLP was subtracted from 

the low-loss spectrum using the reflected-tail subtraction routine in DigitalMicrograph, as 

shown in green in Figure 5.11b. Also shown in this figure are the extracted experimental 

spectrum (black) and resultant inelastic spectrum (pink). The rationale in choosing 2.5 

HWQM as the value for the reflected-tail cutoff was explained here (as opposed to 

previous analyses in which it has been glossed over) because, upon noticing that the onset 

of the inelastic spectrum is at ~0.5 eV and that the feature associated with this onset is 

fairly sharp, one may think that that feature is due to an incorrect subtraction of the ZLP 

(i.e. an artifact due to not subtracting enough ZLP signal in the 0.5 – 1.0 eV range). 
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However, as shown here, that is not the case and the onset at ~0.5 eV is real. What might 

vary is the precise value of this onset, as depending on the ZLP subtraction, it could be 

closer to 0.4 or 0.6 eV.  

 

 

Figure 5.11: (a) Overlay of ZLPs with different multiples of HWQM used in setting the 
reflected-tail cutoff. For values larger than 2.5, the reflected-tail ZLP subtraction routine 
used resulted in a kink at the splicing point between the experimental ZLP and the 
reflected tail, as denoted by the two circles on the plot. (b) Results of the ZLP subtraction 
process via the reflected-tail method. A reflected-tail cutoff value of 2.5 HWQM was 
used. The onset of the inelastic spectrum is at ~0.5 eV. 

 

After subtracting the ZLP from the extracted low-loss spectrum, the Fourier-Log 

deconvolution (see Section 2.2.1.2) routine in DigitalMicrograph was used to obtain the 
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single scattering distribution (SSD) for this spectrum. This extracted SSD is shown in 

Figure 5.12 (black line) along with the SSD obtained for the Al/V[TCNE]x~2/SiN plan-

view sample (which has additional contributions besides V[TCNE]x~2, see Section 5.1). 

The SSD extracted from the plan-view data (red line) was multiplied by a factor of 60 so 

that it was on the same intensity scale as the cross-sectional data (the intensity of the 

plan-view sample was likely lower due to that sample being thicker (1.47 t/λ) than the 

cross-sectional sample (0.45 t/λ) was). Comparing these two SSDs suggests that the low-

loss features observed below 10 eV in the low-loss spectrum for Al/V[TCNE]x~2/SiN 

plan-view sample were most likely due to the V[TCNE]x~2 layer. However, all 

uncertainty has been eliminated by preparing a cross-sectional sample from which a low-

loss spectrum was extracted for only the V[TCNE]x~2 layer.  

 

 

Figure 5.12: Comparisons of the SSD obtained for the cross-sectional sample (shown in 
black) and the plan-view sample (shown in red). Both the onset of the spectra and the 
low-loss features in these two spectra agree well.  
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To extract the real (ε1) and imaginary (ε2) parts of the complex dielectric function, 

Kramers-Kronig Analysis (see Section 2.2.1.3) was performed on the SSD obtained for 

the V[TCNE]x~2 layer of the cross-sectional sample. As mentioned in Section 2.2.1.3, one 

of the inputs necessary to perform this analysis in DigitalMicrograph is the refractive 

index. However, at the writing of this text, the refractive index has not been reported for 

V[TCNE]x~2, and it was not possible to experimentally measure it (for example, using 

variable angle spectroscopic ellipsometry) due to the air-sensitive nature of the 

V[TCNE]x~2 films. Thus, an approximation of the refractive index, n, was obtained by 

searching the literature for the refractive indices of other organic semiconductors. Based 

on this search, a value of n between 1.6 and 2.0 was deemed appropriate for V[TCNE]x~2 

[123,124]. Unfortunately, these values were higher than what was originally anticipated, 

which meant that Cherenkov radiation could not be ignored.   

Cherenkov radiation occurs when the velocity, v, of the electrons traveling through a 

sample is greater than the speed of light in that same sample [125]. This relationship can 

be expressed as: 

 

𝑣 >  𝑐 𝑛            Equation 22 

 

where c is the speed of light and n is the refractive index of the sample [125]. When 

electrons are moving through the sample faster than light is moving through the sample, 

they will excite the atoms in the sample [125]. These excited atoms will then release 

excess energy in the form of Cherenkov radiation, which can result in the observation of 
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radiation losses in low-loss EELS spectra [125]. If a low-loss spectrum with Cherenkov 

losses is analyzed, inaccurate ε1 and ε2 spectra will be extracted. Thus, whenever possible, 

Cherenkov radiation should be avoided during the acquisition of low-loss EELS spectra.   

 

 
Figure 5.13: Depending on the refractive index of the sample and the accelerating voltage 
used during EELS measurements, Cherenkov radiation can be avoided. As shown in this 
plot, if an appropriate accelerating voltage is selected such that the intersection between 
the accelerating voltage and the sample’s refractive index falls under the solid line, 
Cherenkov losses will not be observed in low-loss EELS spectra. This plot was originally 
published in reference [125].  
 
 
 
 

It is possible to avoid the emission of Cherenkov radiation if the condition in 

Equation 22 is not satisfied; in other words, as long as the velocity of the electrons is less 

than the ratio of the speed of light to the sample’s refractive index, Cherenkov radiation 

will not be emitted by the sample and Cherenkov losses will not be observed in the low-

loss EELS spectrum. From this relationship, since the speed of light is constant, it is 

possible to determine the maximum accelerating voltage (which is related to the velocity 
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of the electrons) that will not result in the emission of Cherenkov radiation for specific 

values of refractive index, as shown in Figure 5.13 [125]. Thus, to avoid Cherenkov 

radiation for refractive indices in the range of 1.6 – 2.0, accelerating voltage less than 75 

keV should be used (assuming n = 2.0, the upper limit). Even assuming that the refractive 

index is closer to n = 1.6, an accelerating voltage no greater than 150 keV should be used 

in collecting low-loss EELS spectra. Thus, by collecting data at 300 keV previously, it is 

extremely likely that Cherenkov losses were acquired in the spectra shown in Figure 

5.12.  

Since it was highly probable that Cherenkov losses were acquired in the V[TCNE]x~2 

low-loss spectra previously discussed, new EELS low-loss and core-loss spectrum 

images were collected using an FEI Titan3 60-300 Image-Corrected S/TEM with a 60 

keV monochromated electron beam (as opposed to the 300 keV monochromated electron 

beam used before). Since 60 keV falls below the Cherenkov radiation threshold for 

refractive indices between 1.6 and 2.0 (see Figure 5.13), Cherenkov losses should not be 

observed in the low-loss EELS spectra extracted from these spectrum images. Both the 

low-loss and core-loss EELS spectrum images were collected using an α (convergence 

angle) of 9.3 mrad, a β (collection angle) of 13.08 mrad, and an energy dispersion of 

0.025 eV/channel. Furthermore, the low-loss spectrum images were acquired for energy-

losses of -15 to 35 eV using a step size of 1.5 nm and an exposure time of 0.1 ms per 

pixel. Again, the CCD was set to 1x130 binning to increase the readout speed of the 

CCD. The core-loss spectrum image was collected for energy-losses of 500 to 550 eV 

using a step size of 5.9 nm and an exposure time of 20 ms. Since these low-loss and core-
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loss spectra were also not acquired in dual-EELS mode, the low-loss spectrum image was 

collected first to ensure that any beam-damage that could affect the measured 

optoelectronic properties was minimized.  

 

 

 

Figure 5.14: By summing all of the pixels included in the red box (left), the V[TCNE]x~2 
core-loss EELS spectrum was extracted (right). In this spectrum, there is a small bump at 
the oxygen-K edge (~532 eV).  

 

 

From the core-loss spectrum image, 80 rows of 100 pixels (area of 472 nm by 590 

nm) were summed together, resulting in the extracted core-loss EELS spectrum shown in 

Figure 5.14. Unfortunately, it does appear that there is a trace amount of oxygen present 

in the V[TCNE]x~2 layer, as indicated by the small bump in the core-loss spectrum at 

~532 eV (which corresponds to the oxygen-K edge [115]). This suggests that the 

V[TCNE]x~2 was slightly oxidized during the sample preparation process; in other words, 

this sample spent too long out in the air during the sample preparation process. Although 
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the exact same process that was used to acquire the data shown in Figures 5.6 and 5.9 

was used here, only this sample oxidized. It is entirely possible that the TEM sample 

loading process took slightly longer during the acquisition of the 60 keV data, which may 

explain why this sample oxidized. However, this proves that, while it is possible to 

prepare cross-sectional samples of V[TCNE]x~2 thin films using the FIB sample 

preparation methods described in Section 5.1 without the samples oxidizing,  the process 

is not entirely foolproof.  

As this is the only 60 keV EELS data that has been collected thus far for V[TCNE]x~2 

thin films, the collected low-loss spectrum image was processed in order to obtain a 

representative low-loss spectrum and to extract the complex dielectric function. 

Nevertheless, in the future, 60 keV low-loss EELS spectrum images need to be 

reacquired for a cross-sectional V[TCNE]x~2 sample that exhibits no signs of oxidation in 

order determine whether the low-loss spectra extracted from this oxidized sample are 

affected by the small amount of oxidation observed in Figure 5.14.  

From the 60 keV low-loss spectrum image measured, a representative low-loss EELS 

spectrum was extracted. First, each pixel (spectrum) was calibrated by aligning the 

maximum of the zero-loss peak (ZLP, see Section 2.2.1.1) of each pixel to 0 eV. Then, 

pixels corresponding to an area of ~370 nm by ~560 nm were summed together to obtain 

the low-loss EELS spectrum shown in Figure 5.15. The ZLP was then subtracted from 

the low-loss spectrum via the reflected-tail method (Section 2.2.1.1), resulting in the 

inelastic spectrum shown. 
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Figure 5.15: Low-loss EELS spectrum (right) obtained by summing pixels enclosed by 
the red box (left). This data was collected using a 60 keV monochromated electron beam. 
This acceleration voltage should prevent Cherenkov radiation from occurring. For the 
low-loss spectrum (right), the ZLP was subtracted from the experimental spectrum (black 
line) by using the reflected-tail method (red line). This resulted in the inelastic spectrum 
(blue line).  

 

 

In comparing this inelastic spectrum to the ones previously obtained at 300 keV 

(Figure 5.12), it is obvious that there are numerous differences between the data sets 

collected using different accelerating voltages. For the inelastic spectra collected at 300 

keV, there are multiple sharp peaks for energy-losses less than 6 eV. However, these are 

not observed at 60 keV. Since the two data sets were acquired using similar step sizes 

(300 keV = 0.83 nm, 60 keV = 1.5 nm) and identical exposure times (0.1 ms), it seems 

unlikely that this difference is entirely due to electron beam damage. It is possible that 

these differences in the inelastic spectra (60 keV vs. 300 keV) were caused by the slight 

oxidation of the 60 keV V[TCNE]x~2 sample. However, since it is known that Cherenkov 

radiation will occur at 300 keV for materials with refractive indices in the range of 1.6 – 
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2.0, it seems much more likely that the sharp peaks observed in the 300 keV inelastic 

spectra were due to Cherenkov radiation. Moving forward, new data needs to be acquired 

at 60 keV from a sample that was not oxidized during the sample preparation, as only 

then will it be possible to attribute the lack of these peaks in the 60 keV to the avoidance 

of Cherenkov radiation rather than the oxidation of the sample. Furthermore, assuming 

that subsequent 60 keV low-loss EELS data sets of unoxidized V[TCNE]x~2 samples are 

identical to the spectrum shown in Figure 5.15, this confirms that the refractive index of 

V[TCNE]x~2 must be between 1.3 and 2.25 as these refractive indices would result in 

Cherenkov radiation at 300 keV but not at 60 keV (see Figure 5.13).  

 

 

 

Figure 5.16: Comparisons of (a) ε1 and (b) ε2 spectra extracted from Kramers-Kronig 
analysis for different inputs of the refractive index (n = 1.6 to 2.0).  
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Preliminary spectra for the real (ε1) and imaginary (ε2) parts of the complex dielectric 

function were extracted for this 60 keV V[TCNE]x~2 low-loss EELS spectrum. Since the 

ZLP had already been subtracted from the low-loss spectrum, Fourier-Log deconvolution 

was used to acquire the single scattering distribution (see Section 2.2.1.2). Next, 

Kramers-Kronig analysis was used to ε1 and ε2. As discussed both in Section 2.2.1.3 and 

previously in this section, the refractive index, n, is a required input for Kramers-Kronig 

analysis using the automated routine in DigitalMicrograph. Since comparisons to other 

organic semiconductors suggested that the refractive index of V[TCNE]x~2 likely falls 

between 1.6 and 2.0, ε1 and ε2 spectra were collected using each of these values of 

refractive index in order to see if there was a significant difference in the extracted ε1 and 

ε2 spectra based on the refractive index used (Figure 5.16). These comparisons show that 

the features below 10 eV do not shift in energy as the refractive index varies; only the 

intensity changes, which makes sense as both ε1 and ε2 depend on the refractive index 

(see Equations 3 and 4). However, this demonstrates how, until a more precise value of 

the refractive index has been determined from V[TCNE]x~2, it will be impossible to 

determine the absolute values of ε1 and ε2 via low-loss EELS measurements.  

Figure 5.17a shows the ε2 spectrum obtained for a refractive index of 2.0 for which. 

the energies of various features have been determined. As discussed in Section 2.2.1.3, 

the energies of these features should correspond to specific single electron transitions 

from the valence band to the conduction band. Fortunately, the energies of many of these 

transitions between electronic states have been identified for V[TCNE]x~2, as shown in 

Figure 5.17b (adapted from references [49,52], and discussed in Section 1.2.1.1). Thus, it 
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should be possible to identify which single electron transitions are observed in this 

experimental ε2 spectrum.   

 

 
Figure 5.17: (a) Experimental ε2 spectrum obtained from the 60 keV measurements for 
V[TCNE]x~2. A refractive index of 2.0 was used to extract this spectrum via Kramers-
Kronig analysis. (b) Known electron transitions as identified in the literature [49,52]. The 
π and π* states are attributed to the [TCNE]- molecule, and the t2g state is attributed to the 
V2+ ions. 

 

 

For instance, there is a peak in the experimental ε2 spectrum ~3.2 eV, which likely 

corresponds to a single electron transition from the π molecular orbital of the [TCNE]- 

molecule to the π*+Uc molecular orbital of the [TCNE]- molecule [52]. There may also 

be another peak at ~2.1 eV, which is similar to the expected value of 1.9 eV [52] or 2.0 

eV [49] that is expected for the Coulombic repulsion energy, Uc, that separates the split 

π* orbitals of the [TCNE]- molecule. However, it is not entirely clear from this 
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experimental ε2 spectrum if this small peak is indicative of a single electron transition or 

if it is actually due to noise in the spectrum, and the acquisition of new 60 keV data 

should help clarify whether this feature is an actual peak or not. Additionally, there is a 

transition at ~4.8 eV in the experimental ε2 spectrum that has not yet been identified in 

the literature. 

Lastly, the onset of the ε2 spectrum, which should correspond to the bandgap of the 

material as this onset represents the energy at which the extinction coefficient, k(E), is 

first nonzero, is at ~0.7 eV. This value is similar to the expected bandgap of ~0.5 eV for 

V[TCNE]x~2 [49,50,52]. However, because of the subjectivity introduced during the 

removal of the zero-loss peak (Section 2.2.1.1), it is difficult to precisely measure the 

bandgap of low bandgap materials, and this value of 0.7 eV should not be taken as an 

absolute measure of the bandgap of V[TCNE]x~2. Nevertheless, this onset does support 

previous statements claiming that the bandgap of V[TCNE]x~2 is less than 1 eV.  

 

 
 

5.5. Summary 

EELS data was collected and analyzed for V[TCNE]x~2, an organic-based 

ferrimagnetic semiconductor. While the sample preparation methods for these 

measurements were non-trivial, it was proven that, with enough care, oxidation of this 

highly air-sensitive V[TCNE]x~2 film could be avoided. These EELS measurements were 

the first in which data about V[TCNE]x~2 thin films have been measured with high spatial 
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resolution, as historically only bulk techniques have been used due to the air-sensitivity 

of V[TCNE]x~2.  

First, core-loss EELS data was analyzed to determine the oxidation state of the 

vanadium ions in the V[TCNE]x~2 compound and to determine if this oxidation state 

varied throughout the V[TCNE]x~2 thin film. From this analysis, the oxidation state was 

determined to be closest to V2+, which was consistent with previous measurements 

available in the literature. However, by spatially tracking the vanadium oxidation state in 

~18 nm steps from the top to the bottom of the V[TCNE]x~2 thin film, it was proven, for 

the first time, that the oxidation state of the vanadium ions does not vary throughout the 

thin film.  

Comparisons of this core-loss EELS data to previously reported XANES data 

revealed differences in the shape of the V-L2 peak. In the EELS data, only a single V-L2 

peak was observed whereas a doublet structure was detected in the XANES 

measurements. Computer simulations prove that the energy resolution of the EELS data 

should not prevent the detection of this doublet structure, and future measurements are 

necessary in order to try and determine why exactly this discrepancy between the EELS 

and XANES V[TCNE]x~2 data is observed.  

Low-loss EELS data was also collected and analyzed using both a 300 keV and 60 

keV electron beam. Since the refractive index of V[TCNE]x~2 is suspected to be between 

1.6 and 2.0, the 300 keV data was dismissed due to the high likelihood that Cherenkov 

losses were acquired. However, the sample used in the acquisition of the 60 keV data (for 

which Cherenkov radiation was avoided) showed signs of oxidation. Since this was the 
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only sample for which 60 keV low-loss EELS data has been collected, currently, the 

complex dielectric function was extracted, and peaks in the extracted ε2 spectrum were 

correlated to known single electron transitions. Moving forward, new 60 keV low-loss 

EELS data needs to be acquired and analyzed in order to unequivocally prove that the 

extracted complex dielectric function showed here is actually representative of pure 

V[TCNE]x~2.  

Overall, these experiments demonstrate how, if proper care is taken, it is possible to 

collect reliable EELS data for air-sensitive samples.  
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Chapter 6. EELS of Lead-Free Halide Double Perovskites 

As discussed in Section 1.2.2, lead-free halide double perovskites have emerged as a 

promising replacement for organometal trihalide perovskites for the use in solar cells. 

These lead-free halide double perovskites exhibit similar percent reflectances and 

bandgaps as their organometal trihalide perovskite counterparts, and the elimination of 

lead from the chemical compound eliminates some of the environmental concerns 

currently associated with perovskite solar cells [64]. However, the optoelectronic 

properties, such as the complex dielectric function (Equation 1) and complex refractive 

index (Equation 2), of these lead-free halide double perovskites have not yet been 

determined, thus limiting the complete understanding of these materials.  

Researchers at The Ohio State University have developed various lead-free halide 

double perovskites, two of which – Cs2AgBiBr6 and Cs2AgBiCl6 – were studied using 

STEM-EELS in an effort to extract these optoelectronic properties. By utilizing STEM-

EELS (see Section 2.1) for these preliminary measurements, the energy range of the 

entire solar spectrum could be studied. Furthermore, as spatially-resolved measurements 

of the optoelectronic properties can be obtained via STEM-EELS, these measurements 

lay the groundwork for the future study of solar cells in which these materials are 

utilized. 
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6.1. Obtaining the Complex Dielectric Function via VASE 

Before collecting EELS data for Cs2AgBiBr6 and Cs2AgBiCl6, variable angle 

spectroscopic ellipsometry (VASE) was used to determine the energy-dependent 

refractive indices and extinction coefficients for these two materials. A brief overview of 

spectroscopic ellipsometry is given in Section 2.3.  

As mentioned before, the optoelectronic properties, including the complex refractive 

index, have not been determined for Cs2AgBiBr6 and Cs2AgBiCl6. However, to extract 

the optoelectronic properties from EELS data, the refractive index is needed to perform 

Kramers-Kronig analysis (as discussed in Section 2.2.1.3). Thus, by first conducting 

VASE measurements on these samples, an approximation of the refractive index could be 

determined.  

The Cs2AgBiBr6 and Cs2AgBiCl6 samples studied were bulk crystals on the order of 

approximately 1  - 5 mm3, and the growth of these crystals has been described in 

reference [64]. The crystals were used as-grown for these VASE measurements. A J.A. 

Woolam Variable Angle Spectroscopic Ellipsometer was used to collect the VASE data, 

and values of psi, Ψ, and delta, Δ, were collected for incident angles of 55°, 60°, and 65°, 

over the energy range of 0.6-4.3 eV (acquired in 0.01 eV steps). Due to the small size of 

some of these crystals, a focusing probe attachment was utilized during these 

measurements.  
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Figure 6.1: Collected VASE data for (a) – (b) Cs2AgBiBr6 and (c) – (d) Cs2AgBiCl6. The 
red lines denote the models built using critical points, and the data was collected for 55° 
(blue lines), 60° (green lines), and 65° (yellow lines). The models built closely match the 
experimental Ψ and Δ data, suggesting that the extracted values of n and k should be 
accurate.   

 

 

The collected VASE data, along with the built models, are shown in Figure 6.1 for 

Cs2AgBiBr6 and Cs2AgBiCl6. Originally, these data were modeled using harmonic 

oscillators, similar to the approach used in Section 3.2.2 for organic photovoltaic 

materials (CuPc, C60, P3HT, and PCBM). However, previous reports of spectroscopic 

ellipsometry measurements made for organometal trihalide perovskites (MAPbBr3 and 

MAPbCl3, MA = methylammonium) utilized standard critical point (SCP) oscillators 

instead [126]. The rationale given for using SCP oscillators instead of using the harmonic 

oscillator approach (HOA) was that SCP oscillators allow for asymmetric electronic 

transitions to be described uniquely by only one oscillator, whereas the HOA requires an 
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oscillator with a negative amplitude to offset any asymmetry in the transition [126]. Thus, 

using the HOA for these materials could result in extra oscillators that are not defining 

real transitions in the data [126]. Since it was expected that the lead-free halide double 

perovskites should behave similarly to these organometal trihalide perovskites, the VASE 

data were remodeled using multiple critical point parabolic band (CPPB) oscillators, 

resulting in the models shown by the red lines in Figure 6.1. These oscillators were each 

of the form: 

 

𝐴𝑒(!") !
!!!!!!!!!

!
      Equation 23 

 

where A was the amplitude of the oscillator, ϕ was the phase of the oscillator, Γ was the 

broadening of the oscillator, En was the energy center of the oscillator [126]. Similar to 

the modeling conducted for the organometal trihalide perovskites, the value of 

dimensionality, µ, was set to be a constant value of 1 (correlating to critical points of 

zero-dimensionality) [126]. After building the models, a mean-squared error 

minimization was used to adjust the parameters of the models to best fit the experimental 

tan(Ψ) and cos(Δ) data, resulting in the parameters listed in Tables 6.1 and 6.2 for 

Cs2AgBiBr6 and Cs2AgBiCl6, respectively.  
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Table 6.1: Values of the critical point parabolic band (CPPB) oscillators used in modeling 
the Cs2AgBiBr6 VASE data.  

CPPB Amplitude  
(no units) 

Energy Center 
(eV) 

Broadening  
(eV) 

Phase  
(no units) 

1 657.08 9.9429 0.088573 174.48 
2 4.9684 2.836 0.16999 34.912 
3 60.253 15.683 2.7722 1.1904 
4 4.1531 3.2283 0.89679 -54.457 
 

 

 

Table 6.2: Values of the critical point parabolic band (CPPB) oscillators used in modeling 
the Cs2AgBiCl6 VASE data. 

CPPB Amplitude  
(no units) 

Energy Center 
(eV) 

Broadening  
(eV) 

Phase  
(no units) 

1 6745.5 4.8087 0.000827 150.96 
2 1.1936 3.1595 1.5111 174.48 
3 4.0516 3.348 0.15672 34.912 
4 35.451 7.3358 1.2715 1.1904 
 

 

As these SCP models compare favorably with the collected VASE data (red lines in 

Figure 6.1), values of n(E) and k(E) were extracted (Figure 6.2). From these spectra, 

approximations of the refractive index were made for both Cs2AgBiBr6 and Cs2AgBiCl6, 

resulting in a refractive index of n = 2.0 for Cs2AgBiBr6 and n = 1.8 for Cs2AgBiCl6. 

Based on these estimates of the refractive indices, an accelerating voltage of 60 keV 

should be used in the acquisition of the experimental EELS data in order to avoid 

Cherenkov radiation (see Section 5.4 for the discussion of Cherenkov radiation).  
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Figure 6.2: n(E) (shown in black) and k(E) (shown in blue) spectra obtained for (a) 
Cs2AgBiBr6 and (b) Cs2AgBiCl6 as obtained via VASE measurements on bulk crystals of 
these materials.  

 

 

6.2. Obtaining the Complex Dielectric Function via EELS 

Having determined approximations of the refractive indices of Cs2AgBiBr6 and 

Cs2AgBiCl6, electronic energy-loss spectroscopy (EELS) measurements via a scanning 

transmission electron microscope (STEM) were made in order to extract the 

optoelectronic properties. First, TEM samples of the Cs2AgBiBr6 and Cs2AgBiCl6 

crystals were prepared by grinding the crystals with a mortar and pestle and then dipping 

a lacey-carbon TEM copper grid into the resulting powder. This transferred small 

crystallites from the powder onto to the lacey-carbon TEM copper grids. Lacey-carbon 

TEM copper grids were used in the hopes that some of the crystallites from the powders 
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would protrude over holes in the lacey-carbon film, thus eliminating any carbon signal 

from the EELS acquisitions. Since solar perovskites are known to degrade, and previous 

diffuse reflectance measurements proved that Cs2AgBiBr6 will degrade when exposed to 

light and air [64], the Cs2AgBiBr6 and Cs2AgBiCl6 crystals samples were stored in a 

glovebox until they were removed to prepare EELS samples (as described previously), 

immediately after which the EELS measurements were made.  

Low-loss EELS data was collected for these powders by using a monochromated 60 

keV electron beam in an FEI Titan3 60-300 Image-Corrected S/TEM outfitted with a 

Gatan Quantum spectrometer. Since the refractive index of Cs2AgBiBr6 was determined 

to be ~2.0 and the refractive index of Cs2AgBiCl6 was determined to be ~1.8 from the 

variable-angle spectroscopic ellipsometry measurements (Section 6.1), an accelerating 

voltage of 60 keV was selected in order to avoid Cherenkov radiation (see Section 5.4 for 

the discussion of Cherenkov radiation).  

These low-loss EELS spectra were acquired using the method of spectrum imaging 

(see Section 4.1.1). By using spectrum imaging, spatially-resolvable EELS data could be 

collected since three-dimensional data sets in which both the low-loss EELS spectrum 

and the area from which it came are saved [65,66,73]. The low-loss spectrum images 

were collected for energy-losses less than 40 eV. Because there were indications that the 

Cs2AgBiBr6 and Cs2AgBiCl6 low-loss spectra changed (loss of fine structure) if the 

samples were exposed to a high electron dose, samples were minimally exposed to the 

electron beam before the EELS acquisitions (similar to the methods described in Section 

4.1.1).  Unfortunately, since these samples were not continuous films (as in the case of 
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the organic photovoltaics studied in Chapters 3 and 4 or the organic-based ferrimagnetic 

semiconductor studied in Chapter 5), it was necessary to expose these samples to the 

electron beam prior to the EELS acquisitions in order to find suitable areas from which to 

collect the EELS spectrum images. The areas selected were relatively thin areas of the 

samples in order to (1) to reduce plural scattering effects (Section 2.2.1.2), and (2) 

prevent diffraction artifacts from appearing in the data sets. If the area from which EELS 

data was collected was too thick, diffraction artifacts, such as sharp peaks on the energy-

gain (left) side of the ZLP were observed, which were due to Bragg reflections entering 

the spectrometer [66]. The specific steps sizes, exposure times, convergence angles, and 

collection angles used during the acquisitions of the Cs2AgBiBr6 and Cs2AgBiCl6 low-

loss spectrum images collected will be outlined in the following paragraphs.  

 

 

Figure 6.3: Low-loss spectrum (right) collected for Cs2AgBiBr6 by summing the pixels 
shown in the red box for the HAADF image shown (left). From the low-loss spectrum 
(black line), the ZLP (red line) has been modeled using the reflected-tail method. When 
the ZLP has been subtracted from the spectrum, all that remains is the inelastic spectrum 
(blue line), which consists of both plural and single scattering events.  
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Low-loss EELS data was collected for Cs2AgBiBr6 using an α (convergence angle) of 

9.3 mrad and a β (collection angle) of 13.08 mrad. A larger value of β than α was used to 

ensure that all of the signal from the transmitted electron beam was collected. The low-

loss spectrum image was collected for energy-losses of -10 to 40 eV (energy dispersion = 

0.025 eV/channel) with a step size of 0.29 nm and an exposure time of 5 ms.  

In order to extract a representative low-loss spectrum from the spectrum image, each 

pixel (spectrum) was first calibrated so that the maxima of the zero-loss peaks (ZLPs, see 

Section 2.2.1.1) were set at 0 eV for every pixel (spectrum). Then pixels corresponding to 

the area of 6.1 nm by 11.9 nm were summed together to extract the spectrum shown in 

Figure 6.3 (energy resolution = 0.25 eV). Data was extracted from this region of the 

sample because the thickness of the sample was relatively constant throughout this area 

of the sample. This is important because many of the calculations used in processing 

EELS data assume that the sample’s thickness is constant, such as deconvolution of the 

inelastic spectrum (see Section 2.2.1.2). The ZLP was then removed from this extracted 

low-loss spectrum using the reflected-tail method (see Section 2.2.1.1).  

The data collected for Cs2AgBiCl6 was analyzed in a similar manner to remove the 

ZLP from the low-loss spectrum. This data was also acquired with a convergence angle 

(α) of 9.3 mrad and a collection angle (β) of 13.08 mrad. The low-loss spectrum image 

was collected for energy-losses of -10 to 40 eV (energy dispersion = 0.025 eV/channel) 

with a step size of 0.32 nm and an exposure time of 5 ms. Again, each pixel (spectrum) 

was calibrated so that the ZLP maxima was set to 0 eV for every pixel. Pixels 

corresponding to the area of 8.96 nm by 6.08 nm were then summed together to extract 
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the spectrum shown in Figure 6.4 (energy resolution = 0.28 eV), and the ZLP was 

removed using the reflected-tail method. Although excess signal was observed for 

energy-losses less than the first primary low-loss peak (at ~3 eV), suggesting that the 

ZLP subtraction process was inaccurate, when larger values of the reflected-tail cutoff 

value were used to subtract the ZLP from this low-loss spectrum, kinks at the splicing 

point of the experimental ZLP and the reflected tail were observed (similar to the effect 

observed in the V[TCNE]x~2 data - see Figure 5.11a). Thus, this signal is most likely 

attributable to sub-bandgap defect states, but more measurements are necessary to prove 

this.   

 

 

Figure 6.4: Low-loss spectrum (right) collected for Cs2AgBiCl6 by summing the pixels 
shown in the red box for the HAADF image shown (left). From the low-loss spectrum 
(black line), the ZLP (red line) has been modeled using the reflected-tail method. When 
the ZLP has been subtracted from the spectrum, all that remains is the inelastic spectrum 
(blue line), which consists of both plural and single scattering events. 
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In examining both low-loss spectra (Figures 6.3 and 6.4), it is encouraging to see 

multiple features for energy-losses less than 10 eV, as these features likely correspond to 

single electron transitions for these materials. Additionally, the features observed beyond 

the plasmon peak at ~28 and ~30 eV are identifiable as the O4,5-edge for bismuth [127].  

 

 

 
 
Figure 6.5: ε1 and ε2 spectra calculated from low-loss EELS measurements for (a and b) 
Cs2AgBiBr6 and (c and d) Cs2AgBiCl6.  

 

 

To extract the optoelectronic properties for each of these materials, Kramers-Kronig 

analysis (see Section 2.2.1.3) was used via the automated routine available in 
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DigitalMicrograph. Values of n = 2.0 (Cs2AgBiBr6) and n = 1.8 (Cs2AgBiCl6) were used 

for these refractive indices of these materials, as determined from the VASE 

measurements (see Section 6.1), and the resulting ε1 and ε2 spectra are shown in Figure 

6.5.  

In both ε2 spectra shown in Figure 6.5, many peaks are observed, especially for 

energies corresponding to the solar spectrum (less than ~7 eV). These peaks should 

correlate to single electron transitions from the valence band to the conduction band (as 

discussed in Section 2.2.1.3). Unfortunately, at the writing of this dissertation, the single 

electron transitions for these materials have not been identified in the literature, and it 

was beyond the scope of this work to determine them. Thus, it is currently not possible to 

correlate these peaks in ε2 to specific single electron transitions. However, once the 

possible single electron transitions have been identified for Cs2AgBiBr6 and Cs2AgBiCl6, 

it should be relatively simple to correlate the peaks in these ε2 spectra to the known single 

electron transitions.  

Although the single electron transitions for Cs2AgBiBr6 and Cs2AgBiCl6 have not 

been identified in the literature, it was possible to compare the ε2 spectra obtained for 

Cs2AgBiBr6 and Cs2AgBiCl6 from EELS to ε2 data calculated using density functional 

theory (DFT) computations completed by collaborators at The Ohio State University. 

These computations do not take into account any possible excitonic effects, which could 

be significant because low-loss peaks due to excitons have been well-documented for 

alkali halides [66], although it is unclear at this point how much of an affect excitonic 

transitions are having on these data.  
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Figure 6.6: Comparisons of the ε2 spectra collected via EELS (black lines) and calculated 
via DFT (blue lines) for (a) Cs2AgBiBr6 and (b) Cs2AgBiCl6. The EELS and DFT spectra 
share similar features, but the energies of those features in the DFT ε2 spectra are shifted 
to lower energies for both materials.  

 

 

Comparisons of these ε2 spectra are shown in Figure 6.6, in which the EELS ε2 

spectra are shown in black and the DFT ε2 spectra are shown in blue. In comparing these 
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ε2 spectra for both materials, it appears that the number of features and relative shapes of 

those features are quite similar between the EELS and the DFT ε2 spectra. However, these 

features seem to be shifted to lower energies in the DFT ε2 spectra, as compared to the 

EELS ε2 spectra. For instance, in the Cs2AgBiBr6 ε2 spectra (shown in Figure 6.6a), there 

are four peaks in the EELS ε2 spectrum prior to the double peak at ~8.5 – 9.5 eV. 

Similarly, in the DFT ε2 spectrum there are also four peaks prior to a double peak of 

similar shape. The only difference is that the double peak in the DFT ε2 spectrum is at ~7 

– 8 eV. Similar observations can be made for the Cs2AgBiCl6 ε2 spectra.  

Generally, for the Perdew-Burke-Ernzerhof (PBE) functional theory used in the DFT-

calculations performed by collaborators, the calculated energies of unoccupied states are 

considered to be unreliable, especially for energies further away from the Fermi level. 

Thus, an attempt to correlate the DFT ε2 data with the EELS ε2 data was made by 

adjusting the DFT ε2 data to match the EELS ε2 data. Based on the relative shapes of the 

features in the DFT ε2 spectra as compared to the EELS ε2 spectra, peaks from each 

method were correlated to each other (i.e. peaks in the Cs2AgBiCl6 and Cs2AgBiBr6 DFT 

ε2 spectra were correlated to peaks in the Cs2AgBiCl6 and Cs2AgBiBr6 EELS ε2 spectra). 

For instance, in the example given above, the third peak in the DFT ε2 spectrum for 

Cs2AgBiBr6 at ~3.8 eV was correlated to the third peak in the EELS ε2 spectrum at ~5.2 

eV. These correlations are detailed in Tables 6.3 and 6.4 for Cs2AgBiBr6 and 

Cs2AgBiCl6, respectively.  
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Table 6.3: Correlations made between the energies of peaks in the EELS ε2 spectra and 
the DFT ε2 spectra for Cs2AgBiBr6.  

Cs2AgBiBr6 
Peak Number Energy in EELS ε2 Spectrum Energy in DFT ε2 Spectrum 

1 3.2 2.5 
2 4.6 3.4 
3 5.3 3.9 
4 6.1 4.5 
5 8.5 7.8 
6 13.4 9.8 
7 14.8 10.1 
8 27.5 17.5 
9 29.4 20.0 

 

 

Table 6.4: Correlations made between the energies of peaks in the EELS ε2 spectra and 
the DFT ε2 spectra for Cs2AgBiCl6.  

Cs2AgBiCl6 
Peak Number Energy in EELS ε2 Spectrum Energy in DFT ε2 Spectrum 

1 3.4 2.6 
2 4.1 3.1 
3 4.5 3.4 
4 5.5 4.0 
5 6.0 4.4 
6 7.1 4.8 
7 8.6 6.75 
8 9.8 7.75 
9 10.6 8.3 
10 13.5 11.0 
11 15.0 13.5 
12 16.5 15.0 
13 27.75 18.5 

 

 

Using these values, functions of various types were fitted to each data set in an effort 

to extract an equation relating the energies of the peaks in the DFT ε2 spectra to the 
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energies of peaks in the EELS ε2 spectra for both Cs2AgBiBr6 and Cs2AgBiCl6. A simple 

linear function was deemed inappropriate because, as mentioned before, the unreliability 

in the DFT-calculated energies of unoccupied states increases the further away the 

energies are from the Fermi level. Ultimately, it was determined that a power law was 

most suited to fitting these data sets, which resulted in functions of the forms: 

 

𝑓(𝐸!"#) = 1.1964(𝐸!"#)!.!""#   Equation 24 

𝑓(𝐸!"#) = 1.4305(𝐸!"#)!.!"#!        Equation 25 

 

for Cs2AgBiBr6 (Equation 24) and Cs2AgBiCl6 (Equation 25), where EDFT is the original 

energy from the DFT-calculated ε2 spectrum.  

Having related the DFT-calculated energies to the EELS energies for the peaks in the 

ε2 spectra, Equations 24 and 25 were used to adjust the DFT-calculated ε2 spectra. 

Comparisons of the EELS ε2 spectra and the DFT-adjusted ε2 spectra are shown in Figure 

6.7 for energies less than 8 eV, as it is this energy range that is of most interest as it 

corresponds to the solar spectrum (comparisons covering the entire EELS energy range 

can be found in Appendix B).  
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Figure 6.7: Comparisons of the ε2 spectra from EELS (black lines) and from the DFT-
adjusted calculations (red lines) for (a) Cs2AgBiBr6 and (b) Cs2AgBiCl6. Energies less 
than 8 eV are shown here, as this energy range encompasses the solar spectrum. 
Correlations for the entire EELS energy range can be found in Appendix B.   

 

 

For the Cs2AgBiBr6 ε2 spectra (Figure 6.7a), the first four peaks in the EELS ε2 

spectrum correlate well with the first four peaks in the DFT-adjusted ε2 spectrum, which 

suggests that all of the single electron transitions for this energy range have been detected 

via these EELS measurements. However, in the Cs2AgBiCl6 ε2 spectra (Figure 6.7b), 

certain features observed in the DFT-adjusted ε2 spectrum are not observed in the EELS 

ε2 spectrum. For instance, based on the DFT-adjusted ε2 spectrum, there should be two 

distinct peaks at ~4.4 and ~4.6 eV, but only one broad peak is observed in the EELS ε2 

spectrum. Since these peaks are separated by approximately 0.2 eV, the energy resolution 

of the EELS data set would need to better than 0.2 eV in order to resolve these two peaks. 
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However, the energy resolution of the spectrum obtained by summing pixels in the 

Cs2AgBiCl6 low-loss EELS spectrum image was only 0.28 eV. Thus, low-loss EELS data 

should be recollected with an energy resolution better than 0.2 eV for Cs2AgBiCl6 in 

order to conclude whether or not these two features (single electron transitions) in the 

DFT-adjusted ε2 spectrum can be determined from low-loss EELS measurements. 

Collecting EELS data at a higher energy resolution should also have the added benefit of 

resulting in more distinction in the features at ~5.4 eV and ~5.9 eV in the Cs2AgBiCl6 

EELS ε2 spectrum (currently, the second feature appears as a shoulder of the first 

feature). Higher resolution EELS data would also lead to a better correlation between the 

DFT and EELS Cs2AgBiCl6 ε2 spectra, as it would be easier to associate peaks in the 

EELS ε2 spectrum to peaks in the DFT ε2 spectrum.  

 
 
 
 

6.3. Comparing Absorption Coefficient Spectra 

Since the optoelectronic properties of each of Cs2AgBiBr6 and Cs2AgBiCl6 were 

determined via both VASE (Section 6.1) and EELS (Section 6.2), it was possible to 

extract the absorption coefficient spectra for each technique. For the VASE data, the 

absorption coefficient spectra were obtained using 𝛼(𝐸) =  4𝜋𝑘 𝜆, since values of the 

energy-dependent extinction coefficient were determined (Figure 6.2). For the EELS 

data, the absorption coefficient spectra were obtained using Equation 21. Comparisons of 

these extracted absorption coefficient spectra are shown in Figure 6.8a for Cs2AgBiCl6.   
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Figure 6.8: (a) Comparison of the absorption coefficient spectra obtained from EELS 
(black) and VASE (red) for Cs2AgBiCl6. (b) Comparison of the absorption coefficient 
spectra obtained from EELS (black), VASE (red), and diffuse reflectance via the 
Kubelka-Munk calculations (blue) for Cs2AgBiCl6. The diffuse reflectance-derived data 
is from reference [64]. This data was of arbitrary units and was scaled by 10,000 to be on 
the same scale as the VASE and EELS data.   

 

 

Because of the limited energy range of the VASE data, only one peak is observed in 

the VASE-derived absorption coefficient spectrum. However, this peak agrees well in 

energy with a peak in the EELS-derived absorption coefficient spectrum. Furthermore, 

these two absorption coefficient spectra were compared to data obtained from diffuse 

reflectance (DR) measurements as reported in reference [64]. The Kubelka-Munk 

relationship was used to transform the raw DR data into a pseudo-absorbance spectrum 

[64], which is shown in Figure 6.8b, along with the VASE- and EELS-derived absorption 

coefficient spectra. Because the DR-derived data is of the pseudo-absorbance and not the 
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absorption coefficient spectrum, it was given in arbitrary units, and the values required a 

scalar of 10,000 to be on the same intensity scale as the VASE- and EELS-derived data.  

In comparing the DR-derived data to the VASE- and EELS-derived data, it is 

interesting that the first two peaks in the DR-derived data appear to overlap with the first 

peak of the VASE- and EELS-derived data (in other words, the energy breadth of the first 

peak of the VASE- and EELS-derived data contains the first two peaks of the DR-derived 

data). While this could be attributed to a difference in energy resolution, as the energy 

resolution of the DR data (0.008 eV) was better than both the VASE (0.01 eV) and EELS 

(0.28 eV) data, it seems unlikely that an energy resolution improvement of 0.002 eV (as 

compared to VASE) would result in the peak separation of these two features, especially 

since these two features in the DR-derived data are separated by ~0.3 eV, as this implies 

that these two features should be resolvable in both the VASE- and EELS-derived 

absorption coefficient spectra.  

It was considered that the lead-free halide double perovskite crystals had oxidized 

prior to the VASE and EELS measurements, since these samples were exposed to both 

light and air during sample storage, which may have affected the VASE and low-loss 

EELS data acquired. However, the EELS data shown thus far were collected from fresh 

samples that had been stored in a glovebox prior to the EELS measurements. As core-loss 

EELS (Section 2.2.2) measurements of the oxygen-K edge proved that these samples had 

not oxidized before the low-loss EELS data was acquired (see Figure 6.9), oxidation of 

the sample does not explain this difference in the absorption spectra. (This core-loss 

spectrum was extracted from a core-loss spectrum image that had been collected using 
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the same collection and convergence angles as the low-loss spectrum image. However, 

the step size used was 1.2 nm and the exposure time was 50 ms).  

 

 

Figure 6.9: Core-loss EELS spectrum acquired for Cs2AgBiCl6 after the collection of 
low-loss EELS spectra. Since there is no appreciable intensity at the oxygen-K edge (532 
eV [115], this sample has not been oxidized.  

 

 

Furthermore, a similar discrepancy is observed in the comparisons of the absorption 

coefficient spectra for Cs2AgBiBr6 (Figure 6.10b). Ignoring the discrepancies between 

the VASE- and EELS-derived absorption coefficient spectra for the moment, it is clear 

that the DR-derived pseudo-absorbance (arbitrary units, scaled by 10,000 to be on same 

scale) also consists of two peaks that sit beneath the first peak in the VASE-derived data. 

The models built for the VASE data (Figure 6.1) fit the experimental data well, 
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suggesting that the extracted n(E) and k(E) (and therefore α) should be trustworthy, and 

the Kubelka-Munk calculations were double-checked. Thus, there is no obvious reason 

why the data obtained via DR and via VASE should differ in this manner.  

 

 

 

Figure 6.10: (a) Comparison of the absorption coefficient spectra obtained from EELS 
(black) and VASE (red) for Cs2AgBiBr6. (b) Comparison of the absorption coefficient 
spectra obtained from EELS (black) and VASE (red), and the pseudo-absorbance 
spectrum obtained from diffuse reflectance via the Kubelka-Munk calculations (blue) for 
Cs2AgBiBr6. The diffuse reflectance-derived data is from reference [64]. This data was of 
arbitrary units and was scaled by 10,000 to be on the same scale as the VASE and EELS 
data.   

 

 

Unlike the VASE- and EELS-derived absorption coefficient spectra extracted for 

Cs2AgBiCl6 (Figure 6.8a), the VASE- and EELS-derived absorption coefficient spectra 
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extracted for Cs2AgBiBr6 (Figure 6.10a) do not agree. Although the second peak of the 

VASE-derived absorption coefficient spectrum seems to correlate to a peak in the EELS-

derived absorption coefficient spectrum, the first peak in the VASE-derived data 

seemingly corresponds to no feature in the EELS-derived absorption coefficient. This 

may be a consequence of the poor energy resolution of low-loss EELS spectrum used to 

calculate the absorption coefficient spectrum. As discussed in Section 6.2, the energy 

resolution of this low-loss spectrum (Figure 6.3) was 0.25 eV.  

However, when early low-loss EELS spectrum images were collected of Cs2AgBiBr6 

(α = 9.3 mrad, β = 25.5 mrad, step size = 0.19 nm, exposure time = 20 ms), a low-loss 

spectrum with an energy resolution of 0.2 eV was extracted from the low-loss EELS 

spectrum image (Figure 6.11a). (This data was not presented/discussed earlier, as it was 

collected from a sample that had been left sitting out in air for numerous days before the 

EELS acquisition. Thus, there were concerns that the sample may have oxidized, which 

could have affected the EELS data collected, which is why newer measurements were 

conducted for a sample fresh from the glovebox).     

This data was collected prior to concerns about oxidation necessitated new 

measurements of fresh samples, which is why this data was not the data presented 

throughout this section). This improvement in energy resolution made it possible to 

distinctly resolve two peaks at 3-3.5 eV, whereas these two peaks were not as clearly 

resolved in Figure 6.3. When the absorption coefficient spectrum was extracted for the 

low-loss spectrum shown in Figure 6.11a, a strong peak in the absorption coefficient 

spectrum was observed at ~2.7 eV (Figure 6.11b). This feature agrees well in energy with 
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the first peak of the VASE-derived absorption coefficient. Thus, it seems that this 

absorption coefficient peak depends strongly on the intensity of the first peak of the 

doublet at ~3 eV. This analysis highlights the importance of collecting low-loss EELS 

data with the highest energy resolution achievable. Thus, new low-loss EELS data should 

be collected with an energy resolution of 0.2 eV or better to ensure that all of the 

optoelectronic information has been obtained via EELS measurements of this material.  

 

 

 

Figure 6.11: (a) Early low-loss EELS spectrum collected for Cs2AgBiBr6, displaying a 
distinct peak at ~3 eV (shown by the red arrow). (b) Comparisons of the absorption 
coefficient spectra collected from VASE (red) and from the EELS data (black) shown in 
part (a) of this figure. This data was collected with an energy resolution of 0.2 eV, but 
before special care was taken to reduce the samples’ exposure to air prior to the EELS 
measurements.   
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6.4. Summary 

Low-loss electron energy-loss spectroscopy (EELS) measurements were conducted 

on two lead-free halide double perovskites - Cs2AgBiBr6 and Cs2AgBiCl6 – in order to 

extract the optoelectronics properties of these materials for energies corresponding to the 

solar spectrum. Using variable-angle spectroscopic ellipsometry (VASE), approximations 

of the refractive indices for these materials were obtained. Based on these 

approximations, low-loss EELS data was collected using a 60 keV electron beam in order 

to avoid Cherenkov radiation, and this data was processed via Kramers-Kronig analysis 

to extract the complex dielectric function. By comparing the imaginary part of the 

complex dielectric function, ε2, obtained via EELS to that computed using density 

functional theory (DFT), it was possible to show that most of the features for energies 

less than 7 eV were observed in the EELS data.  

However, discrepancies were observed in the absorption spectra extracted from the 

VASE data, the EELS data, and previously reported diffuse reflectance (DR) data. For 

Cs2AgBiCl6, the VASE-derived and EELS-derived absorption coefficient spectra agreed 

well. However, for both the Cs2AgBiCl6 and Cs2AgBiBr6 data, the DR-derived 

absorption spectrum differed from the VASE-derived and EELS-derived data, although it 

is currently not understood why these data sets differed. Until this is resolved, it is not 

possible to state unequivocally that the optoelectronic properties have been accurately 

collected via STEM-EELS. Furthermore, comparisons of the EELS-derived Cs2AgBiBr6 

absorption coefficient spectrum with that of the VASE-derived spectrum suggests that 

low-loss EELS measurements need to be repeated with a higher energy resolution than 
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0.25 eV. Preferably, these measurements should be collected with an energy resolution 

better than 0.2 eV.  
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Chapter 7. Summary, Conclusions, and Future Work 

In the following sections, the major results and conclusions from the work presented 

in Chapters 3 – 6 will be summarized by materials system. Furthermore, suggestions of 

possible next steps in continuing the study of these materials will be discussed.  

 

 
 

7.1. Organic Photovoltaics 

The ability to obtain the optoelectronic properties (and therefore, the electronic 

structure) with high spatial resolution is critical for determining how more efficient 

organic photovoltaic devices can be engineered. By measuring how these properties vary 

at the interface between the acceptor and donor materials within the bulk-heterojunction 

layer of an organic photovoltaic, it should be possible to relate how changes in device 

processing affect the electronic structure at this interface (and, therefore, exciton 

dissociation and charge transport). This is especially true for P3HT:PCBM bulk-

heterojunction organic photovoltaics for which the morphology has been extensively 

studied, whereas the electronic structure has not.  

Using electron energy-loss spectroscopy (EELS) in a scanning transmission electron 

microscope (STEM), the optoelectronic properties of materials can be determined with 

nanometer spatial resolution. Historically, such measurements have not been conducted 
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for organic photovoltaics due to the difficulty in collecting reliable EELS data for the 

electron beam-sensitive materials that compose the bulk-heterojunction. In this work, an 

EELS acquisition method in which the beam-damage can be minimized has been 

demonstrated, and reliable EELS data was collected for bulk films of P3HT, PCBM, 

CuPc, and C60. These EELS data sets were analyzed, and the real (ε1) and imaginary (ε2) 

parts of the complex dielectric function were extracted. Furthermore, single electron 

transitions were identified in the CuPc and C60 experimental ε2 spectra.  

As these spectra were collected with minimal observed beam-damage, they can now 

serve as standard spectra by which future EELS measurements of these materials can be 

compared. This will be especially useful in the study of P3HT/PCBM interfaces, as it 

should be possible to observe any changes in the low-loss spectra and the real (ε1) and 

imaginary (ε2) parts of the complex dielectric function that may be attributable to the 

interaction of these two materials.  

Furthermore, it was proven that the improved energy resolution of a Nion UltraSTEM 

100 MC ‘HERMES’ S/TEM (35 meV) did not provide any more electronic information 

for P3HT, PCBM, CuPc, or C60, as compared to measurements collected on an FEI Titan3 

60-300 Image-Corrected S/TEM with a lower energy resolution (175 meV). Thus, it can 

be concluded that using an FEI Titan3 60-300 Image-Corrected S/TEM should be 

sufficient for obtaining the EELS signal at the interface between P3HT and PCBM 

domains in a P3HT:PCBM bulk-heterojunction layer.  

As the standard EELS spectra were not collected with high spatial resolution, the 

beam-damage minimization acquisition method was extended for the collection of 
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spatially-resolved EELS data. By first using a simple CuPc/C60 bilayer structure, it was 

shown that reliable EELS data could be collected for these electron beam-sensitive 

materials with high spatial resolution. Following this, an actual P3HT:PCBM organic 

photovoltaic was then studied, for which spatially-resolvable EELS data was acquired. 

Unfortunately, due to the small sizes of the P3HT and PCBM domains within the bulk-

heterojunction layer (~10 nm in diameter), the sample prepared was too thick to 

distinguish between pure P3HT and pure PCBM domains, and the spectra obtained 

appeared to be convolutions of the P3HT and PCBM signals (as well as the interfaces 

between). Thus, it was not possible, on this first attempt, to obtain a low-loss EELS 

spectrum of only a P3HT and PCBM interface.  

Currently, the EELS acquisition methods should be sophisticated enough such that 

low-loss EELS data can be measured at the interface between the P3HT and PCBM 

domains of a P3HT:PCBM bulk-heterojunction. However, before these measurements 

can be realized, it will be necessary to determine a method in which to reliably prepare 

cross-sectional samples of these devices that are less than ~10 nm in thickness. The 

development of such a method is non-trivial and may require the combination of multiple 

approaches (i.e. focused ion beam milling and nano-milling).  

Assuming such a method can be developed, low-loss EELS data could be collected at 

the P3HT/PCBM interface, and the complex dielectric function could be extracted and 

compared to the standard spectra obtained for pure P3HT and pure PCBM. From these 

comparisons, it will be possible to determine how the P3HT/PCBM interfacial signal 

differs (for instance, is the interfacial signal a simple linear combination of the P3HT and 
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PCBM signals or are there new peaks in the imaginary part of the complex dielectric 

function that can be attributed to the interface). Such measurements and analysis could 

then be repeated for multiple P3HT:PCBM bulk-heterojunction organic photovoltaics 

with varying efficiencies in order to correlate the observed interfacial signals to the 

performance of the device, and, hopefully, determine what affect the processing steps 

used in preparing the photovoltaic devices are having on the electronic structure of the 

P3HT/PCBM interface.  

 
 
 
 

7.2. Vanadium Tetracyanoethylene, V[TCNE]x~2 

Although V[TCNE]x~2 is an exciting organic-based ferrimagnetic semiconductor that 

shows promise for various applications, the types of measurements performed on this 

material have been limited due to its air-sensitivity. For instance, at the writing of this 

dissertation, there have been no reports of electron energy-loss spectroscopy (EELS) 

measurements of V[TCNE]x~2 in the literature, which is likely due to the fact that it is 

extremely difficult to collect such measurements without exposing the sample to air. This 

is unfortunate because EELS is an extremely powerful technique that, when combined 

with the scanning transmission electron microscope (STEM), can probe various 

material’s properties with nanometer spatial resolution.  

In this work, a sample preparation technique in which the V[TCNE]x~2 thin films are 

minimally exposed to air has been proven to be successful in preparing cross-sections of 

an Al/V[TCNE]x~2/Si sample while avoiding oxidation of the V[TCNE]x~2 films. From 
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these samples, core-loss EELS data was collected at the V-L2,3 edge in order to determine 

and spatially track the oxidation states of the vanadium ions in V[TCNE]x~2. Based on the 

analysis of the peak energy of the V-L3 peak, an oxidation state close to V2+ was 

obtained, which is consistent with previous measurements in the literature. Furthermore, 

it was shown that the oxidation states of the vanadium ions are constant throughout the 

V[TCNE]x~2 thin film. As all of the previous measurements of the vanadium oxidation 

state utilized bulk characterization techniques, this is the first time that such consistency 

in the vanadium oxidation state has been measured.  

Through the course of analyzing this core-loss EELS data, a discrepancy in the shape 

of the V-L2 peak as compared to previous X-ray absorption near edge structure (XANES) 

measurements of V[TCNE]x~2 was observed. It is not immediately clear why the shape of 

the V-L2 peak in the EELS data (a single peak) should vary as compared to the shape of 

the V-L2 peak in the XANES data (a doublet peak). However, the first step in attempting 

to answer this question should be to narrow down whether this anomaly is due to the 

samples of V[TCNE]x~2 measured or if it is due to differences in the EELS and XANES 

data collections. This may be possible by measuring the V-L2,3 edge of various standard 

vanadium compounds via EELS. If a doublet peak is observed in the core-loss EELS data 

of standard vanadium compounds, this would suggest that the variance observed is likely 

due to differences in the V[TCNE]x~2 thin films. However, if the doublet peak is not 

observed, then it may be that there is a fundamental difference in the acquisition of EELS 

and XANES data that is not immediately obvious.  
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In addition to measuring the vanadium oxidation state for V[TCNE]x~2, low-loss 

EELS measurements were used to extract the real (ε1) and imaginary (ε2) parts of the 

complex dielectric function of the bulk V[TCNE]x~2 thin film. These measurements were 

conducted using both a 300 keV and a 60 keV monochromated electron beam. Based on 

comparisons of the low-loss spectra collected at both 300 keV and 60 keV, combined 

with the knowledge that the refractive index of V[TCNE]x~2 is likely in the range of 1.6 

to 2.0, the 300 keV data was rejected due to the high probability that Cherenkov losses 

had been measured. By analyzing the 60 keV data, for which Cherenkov radiation should 

have been avoided, the complex dielectric function was extracted, and peaks in this 

imaginary part (ε2) of the complex dielectric function were correlated to known single 

electron transitions. Unfortunately, core-loss EELS data collected for the sample used 

during the acquisition of the 60 keV low-loss data revealed that the sample had oxidized 

slightly. Thus, until new 60 keV data is collected for a sample in which no oxygen is 

detected in the V[TCNE]x~2 thin film, it is impossible to state whether the acquired real 

(ε1) and imaginary (ε2) parts of the complex dielectric function are representative of pure 

V[TCNE]x~2 or if they have been altered by this slight oxygen contamination.  

Moving forward, the first step in the acquisition of the optoelectronic properties of 

V[TCNE]x~2 should be to repeat the 60 keV measurements for a sample that has not 

oxidized. As discussed in Chapter 5, there is an element of luck in the sample preparation 

process used to make these measurements, so this may require more than one attempt. 

However, once data has been collected from such a sample, it will be possible to know 

for sure what the complex dielectric function should be for V[TCNE]x~2. Additionally, 
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from this data, the optoelectronic properties can be tracked throughout the V[TCNE]x~2 

thin film, similar to the analysis used for the tracking of the oxidation state of vanadium. 

Furthermore, the optoelectronic properties near interfaces, such as the Al/V[TCNE]x~2, 

can be extracted in order to determine whether or not there are signs of band bending at 

this interface.  

Once this experiment has been completed, future EELS studies of V[TCNE]x~2 could 

focus on studying devices in which V[TCNE]x~2 is a component (similar to the organic 

photovoltaic studies discussed in Chapter 4). Additionally, since it has been shown that 

cross-sectional samples of this air-sensitive material can be prepared for the TEM without 

oxidizing the V[TCNE]x~2 thin film, other electron microscopy techniques could be 

utilized to study this material. For instance, it may be interesting to use Lorentz 

microscopy to study how the magnetic domain structure in V[TCNE]x~2 varies on the 

nanoscale when exposed to a magnetic field [128].  

 
 

 

7.3. Lead-Free Halide Double Perovskites 

Two lead-free halide double perovskites – Cs2AgBiBr6 and Cs2AgBiCl6 – have been 

proposed as possible replacements for organometal trihalide perovskites typically used in 

perovskite solar cells. If it is possible to use these lead-free halide double perovskites in 

perovskite solar cells, toxicological concerns could be alleviated, as this would eliminate 

the use of lead in such devices. However, while these two lead-free halide double 

perovskites exhibit promising bandgaps and, in the case of Cs2AgBiCl6, moisture and 
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light stability, the optoelectronic properties for energies corresponding to the solar 

spectrum have not been measured, resulting in a gap in the current knowledge of these 

materials.  

In this work, preliminary electron energy-loss spectroscopy (EELS) measurements 

were made of both Cs2AgBiBr6 and Cs2AgBiCl6. From the acquired low-loss EELS 

spectra, the complex dielectric function was extracted, and the imaginary parts (ε2) of the 

complex dielectric function were then compared to adjusted density functional theory 

(DFT) calculated ε2 spectra. These comparisons showed that most of the expected ε2 

features (from DFT) were observed in the experimental ε2 spectra obtained via EELS. 

However, in the case of Cs2AgBiCl6, collecting new low-loss EELS spectra with 

enhanced energy resolutions (at least less than 0.2 eV) should improve these 

comparisons, as some of the expected features are not currently resolvable in the EELS 

data. 

Absorption coefficient spectra were also extracted from the experimental EELS data 

for Cs2AgBiBr6 and Cs2AgBiCl6. These spectra were compared to absorption coefficient 

spectra calculated from VASE experiments and to absorption spectra derived from 

diffuse reflectance (DR) measurements (found in reference [64]). In both the Cs2AgBiBr6 

and Cs2AgBiCl6 comparisons of these three data sets, the DR-derived absorption spectra 

varied greatly from the EELS and VASE absorption coefficient spectra. Currently, there 

is no obvious explanation for this discrepancy, and, until this inconsistency is resolved, it 

is impossible to know for certain which spectra are most accurate.  
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Comparisons of the absorption coefficient spectra extracted from only the VASE and 

EELS measurements show favorable agreement for Cs2AgBiCl6. However, analysis of 

the Cs2AgBiBr6 absorption coefficient spectra suggests that low-loss EELS 

measurements need to be repeated with an energy resolution of 0.2 eV or better to ensure 

that every low-loss feature is resolved.  

Moving forward, the first step should be to reacquire low-loss EELS data for both 

Cs2AgBiBr6 and Cs2AgBiCl6 with energy resolutions of 0.2 eV or better. This will ensure 

that all of the optoelectronic information contained in these samples has been obtained, 

which should improve the Cs2AgBiBr6 absorption coefficient spectra comparisons and 

the Cs2AgBiCl6 ε2 comparisons with the DFT calculations. After these measurements 

have been made, it would also be interesting to measure the optoelectronic properties of 

these materials after they have been exposed to moisture and light for an extended period 

of time. Previous reflectance measurements of Cs2AgBiBr6 have shown that this sample 

does degrade when exposed to light [64]. If the complex dielectric function were 

extracted for a degraded Cs2AgBiBr6 sample, it may be possible to determine which 

features have changed in the ε2 spectrum, which could be correlated to changes in the 

material’s electronic structure. 

Once a method for preparing thin films of these materials is developed, it would also 

be interesting to measure the optoelectronic properties of actual perovskite solar cells in 

which these materials are used.  
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7.4. Final Remarks 

The ability to collect spatially-resolved electron energy-loss spectroscopy (EELS) 

data for electron beam-sensitive materials has been demonstrated for organic 

photovoltaics, an organic-based ferrimagnetic semiconductor, and lead-free halide double 

perovskites. However, these are not the only materials systems in which these techniques 

can be applied. Moving forward, the methods and analyses described throughout this 

dissertation can and should be applied to other beam-sensitive functional materials 

systems in which understanding the electronic structure and/or knowing the 

optoelectronic properties is critical (for example, wearable electronics, flexible 

electronics, or organic composite materials).  
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Appendix A: Derivation of Equation 21 (Relating ε1 and ε2 to α) 

Following are the algebraic steps taken to obtain Equation 21:  

1. We know that 𝜀! =  𝑛! − 𝑘! and 𝜀! = 2𝑛𝑘.  

2. We can rewrite the 𝜀! relationship as 𝑘 =  𝜀! 2𝑛 and substitute this into the 𝜀! 

relationship to get 𝜀! =  𝑛! − 𝜀! 2𝑛 ! =  𝑛! − (𝜀!)! 4𝑛!.  

3. By multiplying both sides of this equation 4𝑛! to clear the fraction, we get 

4𝑛!𝜀! =  4𝑛! − (𝜀!)!, which can be rewritten in the quadratic form as 

0 = 4(𝑛!)! − 4𝜀! 𝑛! −  (𝜀!)!.  

4. The quadratic equation can now be used to determine the value of 𝑛!. This results 

in 𝑛! =  !!! (!!)!!(!!)!

!
, where the positive root has been taken as 𝑛 > 0.  

5. The absorption coefficient is given by 𝛼 =  4𝜋𝑘 𝜆. Since 𝑘 =  𝜀! 2𝑛 (see Step 

2), then 𝛼 =  4𝜋𝜀! 2𝑛𝜆. Plugging in the result from Step 4, we get Equation 21: 

 

𝛼 =
2𝜋𝜀!
𝜆

𝜀! +  (𝜀!)! + (𝜀!)!

2

!!
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Appendix B: 0 to 30 eV Comparisons of EELS and DFT-Adjusted ε2 Spectra (Lead-
Free Halide Double Perovskites) 

The following figure compares the imaginary part of the complex dielectric function (ε2) 
obtained via EELS to that obtained from the adjusted density functional theory 
calculations for (a) Cs2AgBiBr6 and (b) Cs2AgBiCl6. These comparisons are shown for 
the entire energy range of the EELS data. Previously, these comparisons were only 
shown for energies of 0 to 8 eV (Figure 6.7).  
 

 


