
 

 

ABSTRACT 

GANN, ELIOT HUGH. Using Resonant Soft X-rays to Reveal Internal Organic Thin Film 

Morphology. (Under the direction of Harald Ade). 

 

 

This dissertation details the establishment and expansion of resonant soft X-ray 

scattering techniques to reveal the internal structure of organic thin films. These films are 

increasingly important in numerous electronic systems, including organic thin film transistors, 

organic photovoltaics, and organic light emitting diodes. These devices use the electrical 

properties of polymers to respectively turn on and off conduction, turn light into electricity, 

and create light. The performance of each of these systems depends critically on their physical 

structure but unfortunately, traditional techniques fail to adequately characterize that structure.  

This dissertation will explore the use of soft X-ray scattering to reveal the mesoscale 

structure or organic electronic devices. This begins with an overview of the field to make the 

case for soft X-rays being an appropriate and novel tool. Next, to explain how to collect 

accurate soft X-ray scattering, the development of a new and unique soft X-ray scattering 

facility will be presented. Having the tools, the next step is to develop scattering theories and 

models for understanding and correctly analyzing scattering from these complicated devices. 

This includes development and comparison of analysis techniques and theory to simulate 

scattering. This simulation system is then used in the development of a theory to understand 

the novel phenomenon of anisotropic X-ray scattering from isotropic organic samples. Finally, 

I will describe the development and first use of a method able to simultaneously measure size 

scales and chemical structure with depth sensitivity in thin films: Grazing Resonant Soft X-ray 

Scattering. This work provides valuable understanding and tools to the field of materials 

characterization, opening up new opportunities for principled design of organic electronics.  
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1 

   

CHARACTERIZING ORGANIC ELECTRONICS: THE NEED FOR SOFT X-

RAY SCATTERING  

1.1 ORGANIC ELECTRONICS  

1.1.1 WHAT ARE ORGANIC ELECTRONICS?  

Organic materials are carbon based. For the purpose of this paper, this largely means 

small molecules or polymers, which are chains of identical small molecules, composed mainly 

of carbon, hydrogen, nitrogen, and oxygen. Many of these materials have minority components 

including sulfur, fluorine and other low Z atoms. While organic materials have been very 

popular in structural applications for their ease of processing and inexpensive fabrication [2], 

in the 1980s a new class of polymers were found which had useful electronic properties as 

well. Conjugated bonding condition of carbon, which is alternating single and double bonds 

around a ring or in an extended chain, allows orbitals to extend across a molecule, and along 

the backbone of a polymer chain. The orbital overlap caused by conjugation adds to rigidity 

and also allows conduction of holes and electrons. While the electrical properties of polymers 

are often far lower than higher Z alternatives [1, 3], the ease of production with mass 

production techniques like roll to roll processing, when combined with the appealing 

mechanical properties (i.e. flexibility), have promise to overcome the relatively lower 

performance and create new categories of electronics. Already well established, and growing 

in application, Organic Light Emitting Diodes (OLEDs) [4] are commercialized, providing low 

cost, low voltage, flexible light sources in portable and weight sensitive applications. Emerging 
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fields, which will be the center of the work presented in this dissertation, include organic thin 

film transistors [5-8] (OTFTs), useful for thin, transparent, flexible electronics, and organic 

photovoltaics [9-12] (OPVs) which offer a cheap and mass-producible way to turn sunlight 

into electricity. The challenges of these two device types lead to two distinct device geometries, 

but both rely critically on interfaces between organic materials. Both of these geometries, 

planar and mixtures described below can be well characterized by soft X-ray scattering. 

1.1.2 ORGANIC THIN FILM TRANSISTORS  

Thin film transistors are largely planar in nature, typically a layer of a semiconducting 

material on top of a gate dielectric material, often a silicon oxide in test cells, but generally 

high k polymer dielectrics in final application. These cells function by field enhanced carrier 

concentration, meaning that when an electric field is applied to the material, mobile carriers 

concentrate at the edge of the material, and when the concentration is high enough, conduction 

is allowed [13]. Thus these devices are field effect transistors, and are often also called Organic 

Field Effect Transistors, or OFETs. When the gate field is turned off, the carriers diffuse back 

 
Figure 1-1 Schematic of Organic Field Effect Transistor 

Drawing of a top gate organic thin film transistor. When the gate is charged (blue circles), the 

field draws carriers (red circles) to the surface of the semiconducting polymer, allowing 

conduction between the source and drain. In the illustrated case, a positive bias of the gate, 

attracts electrons to the surface, where they can conduct between the source and drain. 
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into the polymer, and conduction effectively ceases. It was shown recently that the location of 

charge transport and carrier enhancement is essentially right at the interface between the 

semiconducting polymer and the gate dielectric, and the transport is largely two dimensional 

in nature [14]. This leads to the natural concern about what exactly is happening at this 

interface. Many studies have tried to measure the nature of this interface, including the 

electronic states, [15] the crystal structure [16] and the topography [17], but as of yet, the 

structural information gained is unclear, and the actual interaction region between the polymers 

is unknown. The development of GRSoXS, presented in Chapter 5, addresses this problem 

with a unique method of measuring the interfacial structure. 

1.1.3 ORGANIC PHOTOVOLTAICS 

An effort to develop low cost and flexible solar cells which can be quickly and easily 

mass produced has been growing intensely recently with concerns of energy sources being 

 
Figure 1-2 Schematic of Organic Photovoltaic 

Illustration of an idealized structure of a typical organic photovoltaic device. Carriers 

generated in the Bulk heterojunction at the interface (red) travel through their respective 

materials (blue is donor, green is acceptor) through the respective blocking layer to the 

contacts, generating current. 
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unsustainable and increasingly expensive. Traditional solar cells based on silicon are quite 

effective at capturing light, but lacking in affordable scalability, particularly when compared 

with mass production techniques such as roll to roll processing [10] available with polymers. 

With the discovery of polymeric materials which can be made into solar cells from solution 

processing [18], it was quickly seen that such systems, if they could be made more efficient 

could be a viable energy source. Indeed, solar cells composed of mixtures of polymers and 

fullerene-derivative small molecules in the time of my graduate career have gone from 4% [19] 

to more than 10% [20] efficiency in test cells, and now companies like Solarmer and Helitek 

are creating polymeric solar cells as consumer products. 

Despite the success over the last few years, fundamentals of how these devices function 

remain mysterious. The paradigm of a bicontinuous demixing of the materials into pure phases 

of electron donor and acceptor molecules (Figure 1.2) have been shown, in part by our 2010 

paper [21] to be fundamentally flawed, and much more complex morphologies have been 

suggested. Unfortunately many of these morphologies differ at the nanoscale. Different 

materials with different crystallinities, molecular weights, miscibilities, and different fullerene 

derivatives have all been tried, and to some extent there has been success in all avenues [22, 

23]. A single governing paradigm of what makes a good device has not been reached. 

1.1.3.1 Functioning of Organic Photovoltaics 

Measurements on pure materials have revealed that when visual light hits these 

materials, free carriers are not usually created, but rather a bound electron hole pair is created, 

called an exciton. Measurements have revealed that the exciton diffusion length is generally 

<20 nm [24]. However, in order to collect enough light to have a hope of reaching high 
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efficiency, devices at least 100 nm thick are necessary [25]. Thus the conceptually simpler 

bilayer design used in other devices, is not an option, and the bulk heterojunction, is typically 

the only simple way of creating efficient devices, although other approaches have been 

attempted [26, 27]. In bulk heterojunctions, an exciton created in one material, must move to 

a material interface, where it can be split into two free carriers, which can then travel to their 

respective anode or cathode to generate current. 

The problem is generally split into five critical parts. First absorption: the light must be 

effectively turned into excitons in the first place. Thicker devices and more absorptive 

materials are the obvious avenues to improve this characteristic. Second, exciton diffusion, or 

getting the created exciton to an interface with the other material. This is aided by small 

material domains, or from the other point of view lots and lots of interfaces. Next, charge 

separation, sometimes split into two constituent parts, exciton splitting, when one component 

(the hole or electron) jumps without its partner across the interface to the other material 

forming a charge (or in these materials, a polaron, which is a charge along with the lattice 

distortions which affect its behavior) pair across an interface and dissociation, at which point 

the polaron pair become free charges. This process is poorly understood, at least in terms of 

what morphological conditions are favorable for its efficiency. Conceptually a sharper 

interface is necessary to create an effective field at the interface which can aid the splitting, but 

also the molecular orientation and specifics of the orbital or band alignment between materials 

must play a role [28, 29]. Finally, the free charges must make it through the device, and be 

collected at the cathode or anode respectively. Here interfaces are the enemy, as recombination, 

and charge trapping, both loss mechanisms, are reduced when there is a clear path to the outside 
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of the device. At the cathode and anode end, the charges must travel in the correct direction, 

and be efficiently transferred to the conductor. Blocking and transport layers are important for 

performance [30], wetting layers in the bulk heterojunction, i.e., the polymer preferentially 

coating the cathode would block easy charge transport by electrons in the acceptor phase, 

effectively ruining a device. The careful application of the cathode is also critical to this step 

[31-33]. 

1.1.3.2 Miscibility 

Molecular miscibility complicates this picture dramatically. In our 2010 paper [21], we 

show that even the “pure” regions of amorphous P3HT, more the 50% of the material, is 

molecularly mixed with approximately 20% PCBM, leading to the inevitable conclusion that 

there are potential traps and recombination sites everywhere in the film. Around the same time, 

 

Figure 1-3 Illustration of Molecular Miscibility 

The orange PCBM particles are shown to be both in pure phase as well as mixed with the polymer. 

Yellow excitons are split into blue (electron) and green (hole) pairs which travel through the polymer 

and fullerenes to reach the cathode or anode. 

From: Collins, B. A., Li, Z., Tumbleston, J. R., Gann, E., McNeill, C. R. and Ade, H. (2013), Organic 

Solar Cells: Absolute Measurement of Domain Composition and Nanoscale Size Distribution Explains 

Performance in PTB7:PC71BM Solar Cells (Adv. Energy Mater. 1/2013).  
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several groups looked at the vertical segregation of PCBM P3HT bilayers, showing that upon 

annealing, the P3HT layer is quickly filled with roughly 20% PCBM by volume [34, 35]. This 

can explain the relatively low exciton recombination signals measured in these devices, 

because there is generally always a PCBM molecule nearby, within easy diffusion distance. 

20% is above the random three dimensional percolation threshold and so it is possible that 

molecular percolation paths are sufficient for charge transport. In this case, recombination 

would not be nearly the problem it was presumed to be, and once the charges separate, it may 

be rather difficult for them to recombine. If this were the case then this molecular network 

picture can explain the performance of OPVs despite miscibility. 

1.1.3.3 Fibrils 

Recently there have been reports that the fibrillar nature of P3HT is also a necessary 

component of performance in bulk heterojunctions, as fibrils can provide a pathway for hole 

 

Figure 1-4 Fibrils 

A simulation of fibrils with inset 3D model created for Chapter 4 based on recent morphology 

characterization done with energy filtered electron microscopy 
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conduction while the molecular percolation networks of PCBM handle the electron transport 

[36, 37]. Although not seen in many cases, the existence of fibrils is believed to be an 

interesting, potentially useful but perhaps optional component to high performing devices. At 

any rate, their presence and effects on morphology and performance should be examined in 

depth. 

1.1.3.4 Beyond P3HT: PCBM 

P3HT:PCBM has been the workhorse, go-to system for organic photovoltaics with 

literally thousands of studies in the last 5 years [22], however its performance has been limited 

by its absorption spectrum to only collecting light efficiently in the short wavelength optical 

to UV range, missing the bulk of available solar power spectrum closer to infrared. To remedy 

this, there has been considerable effort to develop high performance low band gap materials. 

The idea is that just by virtue of absorbing a more power-rich spectrum of sunlight, these 

materials would increase potential performance dramatically. 

Unfortunately, what this effort has revealed is a huge variability of essentially all the 

morphological factors of high performance devices. Volume fraction of components, 

crystallinity, optimal active layer thickness, and thermal stability all are very different than the 

rules of thumb developed with P3HT PCBM devices. On the positive side, much higher 

performance materials have been developed. Until recently the highest performing material 

was PTB7 mixed with PC71BM [12, 38, 39], although recent tandem cells [20, 40] have shown 

efficiencies greater than 10%. 

It is clear that although the progress over the last few years on these devices has been 

very promising, the lack of tools suitable for determination of the structure of the materials has 
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limited understanding of their workings. Much of the success has been optimizing processes 

by trial and error, and in the design of novel polymers [41] not from a principled physics-driven 

paradigm. 

1.1.4 MEASURING ORGANIC DEVICES 

Since their development, many techniques have been utilized to shed light on the 

properties of organic electronics. Traditional electronic performance measures including 

sensitive current voltage probes, optical absorption, and dynamic measurements able to 

determine lifetimes of transient energy levels and conduction properties [42] have been used 

to study the electronic properties of organic devices. Morphological techniques have included 

surface topography [43-45], and nuclear magnetic resonance [46], and neutron [47], electron 

[48] and X-ray imaging and scattering [34, 49]. Unfortunately fundamental problems have 

necessitated the development of a new suite of techniques, developed largely in the last few 

years, in large part specifically to measure properties of these important devices. 

1.2 DIFFICULTIES OF MEASURING MORPHOLOGIES 

The main problems encountered with determining the morphological properties of 

organic electronic devices come from their largely low atomic weight constituents, their 

working size scales, and their plasticity. These properties combine in often unfortunate ways. 

Probes that have the necessary materials contrast often lack the ability to measure the size 

scales necessary, while those able to measure both will often damage the very film they 

measure [50]. 
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1.2.1 MATERIAL CONTRAST 

Being composed of primarily low atomic weight materials with very similar electron 

and neutron densities, organic materials have poor contrast with many conventional probes. 

Meanwhile the size scale of thin film devices is far too thin to give adequate absorption or 

scattering lengths for X-rays and neutrons, further compounding the problem. For electrons on 

the other hand, the size scale is too big to handle easily. 100 nm thick films are often too thick 

to measure easily with Transmission Electron Microscopy (TEM). Although cross sections can 

be used successfully [51], surface sensitive probes lack the ability to see what lies beyond the 

exposed surface. 

Bilayer devices are conceptually much simpler, having planar symmetry, so that 

devices based on this geometry like OFETs should fare better. Unfortunately the interface of 

interest is the polymer-polymer interface which is formed when the device is created. 

Subsequent processing of the completed bilayer is often necessary to improve performance, 

potentially changing the once exposed interface dramatically. Any attempt to probe this altered 

interface by revealing it to a surface sensitive probe will result in possible changes to the 

interfacial structure. On the other hand, transmission type measurements will have only the 

interfacial region as signal, while all of the other interfaces and bulk layers that the probe beam 

will have to pass through to get to the interface of interest will act as background. 

Several newer techniques, all alterations of more established techniques have been 

developed to overcome the short comings, and provide important tools for morphological 

characterization. 
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1.2.2  NEUTRON SCATTERING AND REFLECTIVITY 

Neutron scattering and reflectivity often suffer from very similar scattering length 

densities between components, although in several notable cases, such as when fullerene 

derivatives are used in polymer solar cells, contrast can be sufficient to measure thin films. In 

general however, in order to get contrast between materials, one of the materials must be 

altered to have a much lower scattering length. Because cold neutrons interact heavily with 

deuterium, particularly when compared to Hydrogen, by changing a few of the hydrogens in a 

sample to a deuterium, the scattering length density is effectively changed a huge amount [52]. 

Components and full devices that mirror real devices can be made with these altered materials. 

Although their structure is different, and so the molecular conformations may be slightly 

changed [53], the hydrogens are rarely involved with electrical and structural properties. Thus 

deuteration is an effective way to change the contrast between materials with minimal 

alteration and gain contrast. Unfortunately, in order to tune the contrast to different values, 

whole new batches of materials must be made, making the process difficult and expensive. 

Even undeuterated devices have recently been used in neutron scattering experiments, 

often by stacking or using especially thick devices [47], or coming into the thin film from a 

glancing angle [54]. All of these efforts effectively increase the flight path of neutrons in the 

material of interest, and so increase the chances of interacting, increasing the signal to noise. 

1.2.3 ENERGY FILTERED ELECTRON MICROSCOPY 

While TEM and SEM have been used to reveal the nanoscale of organic electronics, 

[51] until the use of electronic filtering, the identification of phases was difficult [55] requiring 

staining [56], and determination of structure was tenuous [47]. Energy Filtering can use the 



12 

same mechanism as will be described with resonant soft X-rays below in depth. Molecular 

structure, even near absorption edges of core electrons specifically the carbon core electron, 

can cause resonances dependent on the local molecular environment. This fine structure [36] 

can be used to provide contrast between materials, and allow chemical identification. Using 

energy filtered Electron Microscopy where the energy of the electrons measured can be finely 

controlled, only those electrons which have lost a certain energy level can be measured. For 

instance, if an electron has lost precisely 284.5 eV of kinetic energy, it can likely be attributed 

to the PCBM, whereas a loss of 285.2 can likely be attributed to P3HT. In this way, with 

enough incident photons, a material specific TEM image can be constructed. [36] 

Downsides, as hinted at in the description above, include damage to the device being 

measured. The number of electrons incident on the device is much larger than those making 

the image meaning the total radiation dose is many times the number making the image. Other 

energy loss differences can be used, besides the carbon 1S, including the plasmonic resonances 

from 15-30 eV [37]. These loss mechanisms are much more common, and so the incident flux 

needed to create an image at these energies is lower. Unfortunately these energy ranges are 

harder to quantify to a single material, as the absorption spectra overlap significantly. 

Despite this, energy filtered transmission electron imaging, including even energy 

filtered three dimensional reconstruction done by tomography has been recently accomplished 

[48]. 

1.2.4 SOFT X-RAYS 

X-rays have long been used to determine the molecular and nanostructure of polymer 

systems [57]. typically using electron density differences, hard (high-energy) X-ray scattering 
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has been used to determine crystal properties of polymers, including thin film devices. In these 

cases, the electron contrast is actually very high. That is, at the molecular level, the electron 

density difference between the backbone and side chains is large [58]. In part this is also why 

polymers are poor conductors. Metals have high electron densities essentially everywhere, 

creating an extended band structure whereas conjugation in organic materials is typically linear 

or in the case of graphene, planar at best, and in polymers not delocalized beyond the 

conjugation length [59].  

Unfortunately when coarse graining away from the local molecular structure, and 

looking for larger scale properties, on the level of the exciton diffusion length in OPVs, or the 

mean path of carriers in OTFTs, these materials have very uniform averaged electron densities. 

With the development of synchrotron facilities able to produce different X-ray energies, the 

ability to extend sensitivity beyond simple electron density differences and use resonances near 

absorption edges to dramatically change the effective contrast between these organic materials. 
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1.3 SOFT X-RAYS 

1.3.1 RESONANCE 

As discussed above for Energy Filtered TEM, resonances in absorption of materials 

can reveal molecular chemical properties [60]. As shown in Figure 1.3-1, different bonding 

configurations change the local environment of a carbon atom, which changes the spectrum of 

energies available for that electron to move to. The Near Edge X-ray Absorption Fine Structure 

 

Figure 1-5 Depiction of the Resonance Effect 

Schematic of the photo excitation of an electron from the 1S orbital into a molecular 

orbital. Changes in the molecular orbital affect the energy landscape of this excitation, and 

reveal molecular resonances, which can be used to identify materials. (Figure created by 

A.P. Smith) 
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(NEXAFS) can use this sensitivity to provide a unique fingerprint of different chemicals. 

Beyond this, by the Kramers-Kronig relations [61], 𝛿, or real part of the index of refraction 

can be calculated, which also changes accordingly in this region. This means the full complex 

index of refraction of materials at absorption edges can fingerprint that material, and can also 

provide contrast enhancement without actually absorbing photons (which can lead to beam 

damage). 

1.3.2 STXM 

The first nanoscale imaging done at the carbon 1S X-ray absorption edge was with 

Scanning Transmission X-ray Microscopy (STXM), developed at second generation 

synchrotrons [62-65]. While limited in resolution to roughly 30 nm, depending on the quality 

of zone plate optics which are used to focus the beam onto the sample, which is then rastered 

to make a 2D transmission image [66-68], this was the first chemically sensitive nanoprobe 

capable of imaging and chemically mapping an organic thin film. While still often used in for 

organic device measurement, the optics-limited size sensitivity makes the resolution just a bit 

too high for the majority of OPV samples, and the transmission geometry means sensitivity to 

the interface in OTFT samples is still low. The next generation of imaging techniques such as 

X-ray Ptychography [69] promise wavelength limited reconstructions 
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1.3.3 REFLECTIVITY 

For bilayer devices, reflectivity at these resonant energies has been developed to reveal 

the out of plane structure, particularly the thickness of different components, and the roughness 

of each interface, including internal interfaces [70]. Utilizing both the absorptive differences 

of materials, but also the refractive differences [29], it has been used in the last decade to reveal 

the structure of many thin film devices, including the interfaces of interest in OTFTs [71-73]. 

Unfortunately, the results obtained from reflectivity curves alone do not include easily 

accessible information of the in-plane structure of the roughness. So while we may be able to 

find out that there is a one nanometer wide interface for instance, we don’t know if that one 

nanometer region consists of molecular interpenetration or larger scale undulations. What scale 

the roughness is at will potentially be critical in determining local slope variations, defects, 

nanoscale sharpness of the interface and other features which are presumably critical to 

performance. 

 

Figure 1-6 Illustration of Insensitivity to In-Plane Information 

While measuring the out of plane structure very accurately, the in-plane information cannot be 

easily recovered from reflectivity. 
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1.3.4 SCATTERING 

Reflectivity moving from a real space representation of the sample to a reciprocal space 

representation. We are replacing local knowledge of the sample with statistical ensemble 

average of local data. We don’t know the thickness of the device at any specific region, but a 

probability of what the thickness is everywhere. This ensemble information available in 

Fourier space is also the strength of Resonant Soft X-ray Scattering (RSoXS). 

Scattering, unlike imaging, uses a macroscopic (~100 μm diameter) collimated beam 

incident on the sample, collecting only the far field scattered light, usually blocking the intense 

direct beam. The physics of scattering is discussed rigorously in Chapter 3. The benefits of 

scattering stem from the fact that focusing the probe beam down to a point on the sample is 

not necessary, rather wavelength (~4.5 nm at the carbon 1s edge) limited information is 

gathered from a comparatively larger region of the sample (often ~100 microns – see Chapter 

2). This adds not only the statistical benefit, but also lowers the local flux density, and so lowers 

the chance of radiation damage. 

1.4 SOFT X-RAY SCATTERING 

The development of Soft X-ray scattering requires advanced X-ray sources such as 

third generation synchrotrons, and advanced in-vacuum imaging capabilities. The main 

distinction between hard and soft X-rays, is soft X-rays are absorbed in air. Unlike hard X-ray 

experiments, both the sample and detector, as well as the full path of the beam needs to be in 

high vacuum for soft X-ray scattering experiments. 

Initial resonant scattering efforts on organic systems were on nanoparticles [74] and 

block copolymers [75] at the Advanced Light Source. These studies revealed the ability of 
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RSoXS to have both higher contrast between materials, and variable contrast with slight 

changes of energy. The first uses of RSoXS to reveal the internal structure of an OPV device 

[76, 77] was accomplished with a one dimensional scanning measurement. This form of 

scattering collection takes a long time to collect, and allows for a large amount of x-ray 

exposure potentially causing damage to the devices being measured. 

The development of two dimensional in vacuum detectors allowed efficient collection 

of Soft X-rays [78]. Finally, the development of a scattering chamber on an undulator 

beamline, described in great detail in the previously published [79] Chapter 2, allowed efficient 

and accurate collection of Soft X-ray Scattering. Using this new tool, our group and others 

have used Soft X-rays to probe both OPVs and OFETS [1, 12, 80-89]. 

1.5 THESIS OUTLINE 

This thesis presents several pieces of work using scattering from soft X-rays to further 

elucidate structure of both OPVs and OTFTs. First Chapter 2 presents the development of the 

scattering facility described briefly above. Next a review of analysis techniques applicable for 

OPV systems and for RSoXS in general is presented in Chapter 3. In Chapter 4, I present some 

theory work, developing a model to simulate anisotropic scattering often seen in OPV systems. 

Finally Chapter 5 shows the development and analysis of a new kind of scattering geometry, 

collecting RSoXS at a grazing angle. This geometry adds the extra benefit of giving depth and 

material specific sensitivity, capable of determining the internal structure of interfaces, critical 

to OTFTs. Chapter 6 provides a summary of the work, and discusses future outlook in this 

field. 
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SOFT X-RAY SCATTERING FACILITY AT THE ADVANCED LIGHT 

SOURCE WITH REAL-TIME DATA PROCESSING AND ANALYSIS  

Before I was able to develop techniques and utilize the power of soft X-rays, I first 

required a facility capable of produce high quality soft X-rays, in a well-defined, normalized 

and monitored beam. The following chapter is a published article from Review of Scientific 

Instruments, published April 12, 2012, describing this beamline, the first of its kind in the 

world. Coauthors of this paper include Anthony Young, Brian Collins, Hongping Yan, Jamie 

Nasiatka, Howard Padmore, Harald Ade, Alexander Hexemer and Cheng Wang. All of the 

work was accomplished in collaboration with the staff of the Advanced Light Source. I 

collected all the data presented in the paper, and conducted all the analysis save the grazing 

incidence Block Copolymer sample, provided by Cheng Wang. Brian Collins and Hongping 

Yan helped with data collection and analysis. Jamie Nasiatka designed and created the higher 

order suppressor. He along with Cheng Wang and Anthony Young built and conducted initial 

measurements at 11.0.1.2. Harald Ade, Cheng Wang, Alexander Hexemer, and Howard 

Padmore all had fundamental formative input on the beamline and in general on the field of 

Soft X-ray Scattering. 
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2.1 ABSTRACT  

We present the development and characterization of a dedicated resonant soft X-ray 

scattering facility. Capable of operation over a wide energy range, the beamline and endstation 

are primarily used for scattering from soft matter systems around the carbon K-edge (~285 

eV). We describe the specialized design of the instrument and characteristics of the beamline. 

Operational characteristics of immediate interest to users such as polarization control, degree 

of higher harmonic spectral contamination and detector noise are delineated. Of special interest 

is the development of a higher harmonic rejection system that improves the spectral purity of 

the X-ray beam. Special software and a user-friendly interface have been implemented to allow 

real-time data processing and preliminary data analysis simultaneous with data acquisition. 

2.2 MOTIVATION AND BACKGROUND  

Soft matter systems, including many high performance materials in novel devices, often 

consist of multiple components and are naturally or synthetically nanostructured for optimal 

properties and performance. To fully understand their structure-property and structure-

performance relationships, quantitative compositional analysis and morphological 

characterization at the sub-100 nm or even sub-10 nm length scale is required. This need is 

generally addressed by various microscopy or scattering methods. The particular contrast 
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mechanism used defines the utility of the particular microscopy [90-94] or scattering method 

[95-100] for a given type of sample. Those capable of achieving high q-range and q-resolution 

include conventional small angle X-ray scattering (SAXS) and small angle neutron scattering 

(SANS). These are powerful characterization methods that are widely utilized to assess the 

morphology, size or shape of a wide range of material classes investigated in numerous 

disciplines [95-99, 101]. The intensity profiles of SAXS and SANS are the modulus squared 

Fourier transforms of the real space electron or scattering length density of the sample 

respectively, and so measure the statistical average of the sample morphology over the 

illuminated volume. A number of sophisticated analysis methods have been developed to also 

determine, for example, various correlation functions (i.e. height, density, and pair correlations 

of surface and bulk features), purity of domains, and the radius of gyration of polymers [95-

97]. For soft, organic matter, scattering contrast using conventional SAXS at higher energies 

relies on electron density differences [95-97] unless energies near an absorption edge are used 

to exploit “anomalous” enhancements [102, 103]. Resonant soft X-ray scattering (R-SoXS) 

methods achieve contrast between functional moieties and can have orders of magnitude more 

scattering intensity than SAXS, facilitating investigations of very thin organic films in 

transmission [74-76, 104]. 

The physical basis of the contrast mechanism and the general advantages of R-SoXS 

have been described extensively before. Basically, the effects of the interaction of X-rays with 

matter is encoded in the complex index of refraction 

 𝑛(𝐸) = 1– 𝛿(𝐸) − 𝑖𝛽(𝐸). (1)  
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These two energy dependent terms of the index of refraction are related to the complex 

scattering factor 

 𝑓 = 𝑓1 + 𝑖𝑓2 (=  𝑓𝑜  +  𝛥𝑓′ +  𝑖𝛥𝑓" 𝑖𝑛 𝑎𝑛𝑜𝑚𝑎𝑙𝑜𝑢𝑠 𝑆𝐴𝑋𝑆 𝑡𝑒𝑟𝑚𝑖𝑛𝑜𝑙𝑜𝑔𝑦) (2)  

 in the forward scattering or long wavelength limit through  

  + 𝑖𝛽 = 
2(𝑓1  +  𝑖𝑓2), (3)  

where =nare/2, with na being the number density of atoms, and re being the classical 

radius of the electron. Consequently, bond-specific contrast can be achieved in a manner 

similar to Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) microscopy, 

because δ and β change rapidly as a function of photon energy near absorption edges and the 

quantity Δδ2+Δβ2 determines the materials contrast and scattering strength. The reader is 

referred to the literature for more details [75, 76, 78, 104-108]. More recently, it has been 

pointed out and shown that R-SoXS furthermore has unique contrast to bond orientation if 

polarization control of the incident photons is possible. [1, 109] 

Although soft X-ray scattering systems and facilities with detection systems based on 

2D detectors such as CCDs have been previously developed, these are mostly optimized for 

magnetic scattering [110] and/or coherent imaging [111-113]. The initial R-SoXS 

developments for soft matter and the first applications occurred with a point detector at a 

bending magnet beamline at the Advanced Light Source (ALS). This facility [114] was 

optimized for reflectivity and thus provides only slow R-SoXS data acquisition rates for any 

geometry other than θ-2θ scans, which can lead to radiation damage [78]. In order to greatly 

improve data rates and experimental capabilities to study radiation sensitive soft matter, we 

developed a new endstation at the ALS Beamline 11.0.1.2 capable of scattering X-rays with 
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energies from 165 eV to 1.8 keV to probe size scales from 0.5 nm to 5 µm. We describe the 

hardware components of the beamline and endstation. The in-vacuum 2D detector system [78] 

is capable of the equivalent small angle scattering experiments performed with conventional 

SAXS [57] and SANS [47, 115], but with unique tunable chemical sensitivity and bond 

orientation contrast afforded by the resonant interactions of soft X-rays. 

There are numerous experimental challenges when operating near the carbon K 

absorption edge for which we present methods of characterization and mitigation. These 

include characterizing and controlling the degree of polarization of the X-ray beam and higher 

harmonic spectral contamination, as well as correcting for sources of detector noise and 

characterizing the detector spectral response. Additionally, we present a live scattering analysis 

system that performs data correction and reduction allowing for immediate determination of 

data quality and efficient use of experimental time.  

2.3 BEAMLINE DESCRIPTION  

The dedicated system described here has been retrofitted as a branch line to an existing 

ALS beamline that already supports a third generation Photoelectron Emission Microscope 

(PEEM-3) [116]. Initial developments of this scattering chamber and scattering efforts have 

been described by C. Wang et al [78]. 

2.3.1 HARDWARE OF ADVANCED LIGHT SOURCE BEAMLINE 11.0.1.2  

2.3.1.1 X-Ray Source and Upstream Optics   

Beamline 11.0.1.2 is schematically depicted in Figure 2.1. It has as its X-ray source an 

Elliptically Polarizing Undulator (EPU). This 5 cm period EPU directly produces high 

brightness X-ray photons from 165 eV to 1.8 keV, with variable linear or elliptical polarization 
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[117, 118]. In this type of undulator, four rows of permanent magnets are placed along the axis 

of the electron beam. Two of the rows are placed above the plane of the storage ring and to 

either side of the electron beam, and two below, again with one on either side of the beam. By 

changing the distance (the “vertical gap”) between the upper pair and the lower pair, and the 

longitudinal position of the rows (the “row phase”) relative to each other, control of both the 

energy and polarization of the X-rays is obtained. Linear polarizations with E-fields oriented 

from 0˚ to 90˚ (measured relative to horizontal) are available at energies above 160 eV. Using 

the fundamental output from the undulator, pure circularly polarized X-rays can be produced 

from 130 eV-600 eV. For higher energies, the 3rd and 5th undulator harmonics must be used. 

However, using the harmonics generates elliptical rather than pure circular polarization. High 

flux and brightness can be retained in the 3rd and 5th harmonics with degrees of circular 

polarization of 0.8 to 0.9.  

From this source, using a horizontally deflecting, vertically focusing sagittal cylindrical 

mirror, the X-rays are directed and focused into a vertically dispersing, variable line-spaced 

grating monochromator equipped with an horizontal entrance slit. The monochromator 

contains a grating that has three different line densities on a single substrate, optimized for the 

energy ranges 165-600 eV (250 line pairs per millimeter, lpm), 330-1300 eV (500 lpm) and 

660-2000 eV (1000 lpm). A feature of the beamline is the inclusion of an adjustable bendable 

elliptical mirror just upstream of the monochromator exit slits. This allows for the adjustment 

of the horizontal beam size and position downstream of the monochromator. When optimized 

for the scattering chamber, it produces a minimum horizontal sample spot size of 300 µm full 

width at half maximum. The exit slits of the monochromator are formed by four independently 
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controlled precision knife-edges, which allow for control of the spectral resolution (vertical 

aperture) and intensity (horizontal aperture.) After passing through the exit slits, the X-rays are 

deflected by a vertical focusing mirror, producing a vertical image at the center of the scattering 

chamber. This mirror has a magnification of 3, yielding typical vertical spot size (FWHM) of 

100 µm.  

 
Figure 2-1 Beamline branch 11.0.1.2 conceptual schematic  

(not to scale), showing placement of major beamline components: (a) elliptically polarizing 

undulator, (b) horizontal deflection vertical focus cylinder switchyard mirror, (c) vertical 

deflection spherical mirror and variable line spacing grating monochromator, (d) horizontal 

deflection bendable tangential cylinder focusing mirror, (e) 6 degree deflection mirror into the 

11.0.1.2 branch line, and (f) sample chamber. (g) Blue triangles indicate locations beam 

defining and scatter slits except the final set which is inside the sample chamber. Each set of 

slits consists of one horizontal and one vertical slit. 

(d)

(c)

(a)

a

(b)
(g)

(g)

(e)

(f)
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2.3.1.2 Higher Order Suppressor 

Before reaching the scattering chamber, the beam can optionally be passed through a 

four-bounce mirror assembly (Figure 2.2) that can filter out higher harmonics produced by the 

undulator and passed by the monochromator. The four-bounce design was chosen because of 

its superior order-suppression (2nd order >10-3, and 3rd order >10-5 suppression over the 100 – 

600 eV range), a constant exit path with an adjustable incidence angle, and a simple mechanical 

design. Pairs of parallel mirrors are placed in standard optical mounts that have been modified 

to allow each optic to be supported by springs attached to the back surface but held in position 

by clips on the front. These mounts are arranged to form a double periscope so that the exiting 

beam is co-linear with the entering beam. The periscope assemblies are positioned by sets of 

pivot/flexure bearings within a housing that directly connects to the vacuum chamber. A linear 

feedthrough presses on the periscopes adjusting the rotation angles in tandem. A pico-motor is 

mounted on the final optic for small adjustments and beam steering. There is no linear motion 

 

 

 
Figure 2-2 Higher harmonic rejection mirror assembly 

(a) Schematic and (b) photograph. 

(a) (b)
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in the assembly, which means the beam will ‘walk’ across the mirrors as the angles are 

changed. This configuration minimizes both the amount of in-vacuum motion required as well 

as the number of components that could be misaligned after installation. The optical elements 

in this design are standard 2" diameter uncoated mirror blanks coated with 20 nm of Ni for 

optimized performance in the 200-600 eV energy range. The overall size of the optics are 

determined by the length of the beam as it intersects the optical surface combined with the 

distance the beam will walk across the length of the optic as the reflection angle is changed 

between 4º and 8º. The optics are also capable of being moved out of the beam-path, allowing 

for unfiltered light to freely pass through a 3.5 mm gap to the endstation when higher energies 

are needed or higher harmonics are not detrimental. This compact design requires only one 

motorized axis and produces a constant beam-path at any incident angle. A patent on this order 

suppressor, designed at the Advanced Light Source, is now pending. 

 

 

2.3.1.3 Beam Definition and Monitoring 

Three sets of horizontal/vertical slits are used to define the beam on the sample and 

minimize parasitic scattering. All are configured to independently adjust the positions of four 

beam-defining knife edges (left/right/top/bottom). The first set, manually actuated, is located 

approximately 1.5 m upstream of the sample chamber and allows for fine definition of the 

beam. The second set (JJ X-ray) is motorized and located just outside the chamber 0.6 m 

upstream of the sample. It is able to remove most of the remaining parasitic scatter produced 

by the first set of slits. The final set of slits is located inside the scattering chamber, about 0.2 

m (adjustable) upstream of the sample. In-vacuum picomotors (New Focus) control the 
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position of these slits to produce a clean beam profile, allowing for measurements down to 2θ 

= 0.04º, corresponding to a feature size of ~4 µm with energies near the carbon K edge, 

matching the coherence size of the X-ray beam. 

Beamline 11.0.1.2 includes the capability in a number of locations to measure the 

photon flux for diagnostic and experimental needs. Of experimental interest, located after the 

six degree deflection mirror, an assembly with a gold mesh can be lowered into the beam and 

connected to a picoammeter to allow measurement of photoelectric current. However, because 

this filter assembly is upstream of the higher harmonic rejection mirror assembly, the spectrum 

of X-rays measured here is not suitable for normalization of scattering intensities when higher 

harmonic contributions are significant, as is the case during operation at energies that 

correspond to the carbon dip (see section III.C). In this case, a second gold mesh, directly 

downstream from the higher harmonic suppression mirrors but before the first set of slits can 

be used as an incident flux measurement. 

A pneumatic photon shutter just upstream of the sample chamber allows the X-ray 

beam into the sample chamber, and is synchronized to the 2D detector exposure. This shutter 

allows the CCD detector to accurately and reproducibly collect 2D scattering intensities down 

to 0.1 s exposures.  

2.3.1.4 Sample Chamber 

The high vacuum sample/detector chamber shown in Figure 2.3 houses a sample stage 

and the detector, which are mounted on independent goniometers in a 2-circle diffractometer 

geometry. The sample stage is able to move in three spatial and one rotational direction, 

allowing multiple transmission or reflectivity/ grazing samples to be loaded at the same time. 
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The sample translation stages have 50 mm total of travel, allowing a total accessible area in 

one sample load of ~2500 mm2.  

The sample chamber can be opened in roughly 10 minutes by warming up the camera 

to room temperature, closing all the valves and shutters and subsequent venting the chamber 

with dry nitrogen. Samples can be accessed through a small door or a larger door, depending 

on need for access. Pumping down the chamber to 10-6 torr and cooling the detector to its 

normal working temperature of -45ºC takes ~20 minutes, resulting in a total sample exchange 

time of approximately 30 minutes. 

The sample stage is held by a kinematic mount with three points of contact, which is 

electrically isolated from the goniometer, allowing for the measurement of photocurrents 

generated during X-ray exposure. This setup can be used to measure total electron yield near 

edge X-ray absorption fine structure (TEY-NEXAFS) spectra from the sample. Two 

photodiodes (5 mm x 5 mm GaAs photodiode from Hamamatsu and 1 mm x 3 mm Si photo 

diode from Advanced Photonix) are mounted on the 2θ detector arm. The first is designed to 

be in the direct beam when 2θ = 0º and is used for θ-2θ reflectivity scans and NEXAFS 

spectroscopy in a transmission geometry. During these types of measurements, the 2D detector 

is rotated away from the optical axis and thus protected from the direct and reflected beams. 

The second photodiode is mounted on the beamstop protecting the 2D detector from the direct 

X-ray beam. This allows simultaneous flux monitoring and absorption measurements while 

2D scattering data are being collected.  

Cross calibration of the first diode has been measured by comparison within the narrow 

overlap of flux at which both the CCD detector and photodiode are usable (see results of 
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spectroscopic response of 2D detector, below), and determined to be 9.8*109 photon/nA at 283 

eV. 

 

 
 

Figure 2-3 Views inside of the soft X-ray scattering chamber 

Located at ALS BL11.0.1.2. (a) 2D scatter detector, (b) sample goniometer, (c) photodiode, (d) 

beamstop photodiode, (e) exit slits and (f) sample stage 

 

 

2.3.1.5 Soft X-ray CCD Detector 

The in-vacuum, back-illuminated CCD soft X-ray detector (Princeton Instruments PI-

MTE) is thermoelectrically cooled to ~45º C. Heat produced by the thermoelectric cooler is 

removed by circulating chilled liquid ethanol through the copper heatsink to which the camera 

is mounted. The heatsink is connected through flexible hoses via a vacuum feedthrough to a 

chiller outside the chamber. The CCD consists of a 2048 x 2048 array of 13.5 μm x 13.5 μm 

pixels. The detector is installed on a 2D stage with 80 mm x 80 mm of movement, which is 

mounted on the 2θ arm of a goniometer rotating in the vertical plane. This allows the sample-

(a)

(b)

(c)

(b)
(a)(c)

(d)

(e)

(f)

(f)

(e)
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detector distance to be adjusted from 80 mm to 160 mm while the allowing the detector collect 

to scatter from -25° to +160° from the incident X-ray beam. By acquiring exposures at varying 

detector positions and angles, a large q-range can be covered efficiently. At energies near the 

carbon edge, this procedure allows collection of scattering data that corresponds to feature 

sizes from less than 3 nm at 2θ = 110º to greater than 3 µm at 2θ = 0.04º. Utilizing the extreme 

energies available on the beamline (165 eV – 2000 eV) the accessible feature size spans four 

orders of magnitude from 0.5 nm to 5 μm.  

 

2.3.1.6 Calibration Samples 

Geometrical calibration samples are a necessary component of any scattering facility, 

as the incredible variety of experimental setups available entail that accurate measurement of 

the sample and detector geometry is often very tricky and can vary with each individual 

experiment. Although monitoring motor positions can give a very good idea of the geometry 

(discussed in Section III.F), when possible, calibration scattering sets are taken with each set 

of data to ensure the correct scattering angles are collected. Calibration samples which cover 

the energy and q range of this scattering facility are more complicated in comparison to higher 

energy beamlines. Samples with well-defined scattering peaks in the 10-1000nm range are less 

common than the crystalline systems available in the .1-10nm region. At higher photon 

energies or for very large scattering angles, standard hard X-ray calibration samples such as 

silver behenate [119, 120], which has well ordered 5.8 nm lamellae, can be used. However, for 

typical soft X-ray photon energies and the size scales probed with them, this 5.8nm ring is not 

useful. For this reason, we have developed a set of samples suitable for calibration with the use 
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with soft X-rays to cover the q and energy range available at this facility. Our primary 

calibration is a manufactured linear grating with 200nm spacing (described in Section III.C), 

although it is of little use in beam centering because it a linear grating and so only usable in 

one dimension. Thus one or more of a set of secondary calibration samples each on a 100nm 

silicon nitride film supported on a 1x1mm silicon window for transmission geometry is 

typically loaded directly along with each sample load. First, a silver behenate powder as 

mentioned above is used for very large angle scattering or higher energies where features near 

from 1-10nm are probed. Second, 300+-1 nm diameter poly(styrene) nanospheres with well 

characterized scattering maxima, drop cast and dried from a aqueous solution are used for very 

low angles (large features) and low energy scattering (these two calibration sample scattering 

examples are shown in Figure 2.9). Finally, for general scattering of 10-100nm features, where 

neither of these calibrants are ideal, a poly(isoprene-b-styrene-b-2-vinyl pyridine) (PI-b-PS-b-

P2VP) triblock copolymer ~1um thick film [56] that has a well characterized 39.1 nm 

hexagonal cylindrical lattice with high scattering contrast at 280 eV is often a convenient 

calibrant (discussed in a thin film grazing geometry in Section IV.C). 

2.3.2 CONTROL ELECTRONICS AND SOFTWARE FOR INSTRUMENT CONTROL AND 

REAL-TIME ANALYSIS   

Standard ALS beamline control software orchestrates control of all motors and 

acquisition at the endstation. X-ray energy, polarization, mirror and monochromator settings, 

as well as the locations of the sample, detector, filters and slits can all be electronically 

controlled and queued up for extensive automated 2D scattering data acquisition. This software 

controls over 35 motors, inputs 9 analog channels and video from inside the sample chamber 
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to help with placing the X-ray beam where necessary, and controls the exposure of X-rays in 

both photodiode and CCD exposures. A separate program based on the software package 

NIKA [121] (Described in section III. D ) reads CCD scattering data as it is written, and is able 

to automatically reduce the 2D scattering datasets into I(q) plots. The orchestrating nature of 

this control system, requiring simultaneous changes of both the undulator and the 

monochromator to change photon energy for instance, makes typical one dimensional scans 

such as scattering versus energy and absorption spectra somewhat more time consuming than 

at a simpler beamline, however such delays are appropriate when reading out this CCD, which 

has a readout time of ~5 seconds at full resolution or ~2 seconds in a 2 x 2 binned mode.  

The queuing capability of the beamline control software allows automation of the data 

acquisition of many samples in one large scan. First, all the sample locations are found and 

recorded. Next, values of the desired independent variable for each sample (e.g. energies, 

polarizations, etc.) are determined. The user creates a scan file with these variables, which the 

program can use to automate the collection of scattering patterns at each beamline 

configuration listed in the scan file, adjusting the beamline parameters between exposures as 

necessary. CCD exposure time can additionally be varied to insure proper levels of exposure 

for different scattering intensities. In many cases, energies are difficult to pick ahead of time, 

in which case a quick scatter scan of a sample over a range of X-ray energies can be easily 

collected. With 1 second exposures, the energy range covering the carbon edge can be collected 

in ~10 minutes. If the automatic scatter analysis tool running, maximum contrast energies are 

readily found by noticing when the scatter profile is maximized, at which point a targeted scan 

with longer exposures at these appropriate energies can be created and executed. 
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2.4 BEAMLINE CHARACTERIZATION   

In order to properly normalize 2D scattering data and achieve quantitative information, 

the X-ray beam and the 2D detector have to be well characterized. Properties of the X-ray 

beam that need to be determined include measurements of incident flux and absorption as a 

function of photon energy, the actual polarization of light when it reaches the sample, the beam 

size in the scattering chamber, the nominal energy of the photon beam, and the fractional 

intensity due to higher order spectral contributions. Important detector properties are fixed 

pattern and read noise as well as spectral response.  

2.4.1 CHARACTERIZATION SAMPLE PREPARATION  

Polystyrene nanospheres are supplied by Microspheres-Nanospheres. The supplied 

solutions of 300 +/- 1 nm nanospheres in 25 mg/ml, suspended in water, were drop cast on 100 

nm silicon nitride windows and dried in ambient conditions for approximately 30 minutes. 

The Poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester 

(PCBM) blend (P3HT:PCBM) bulk heterojunction thin film Consisted of Regioregular (93%) 

P3HT supplied by Rieke, and PCBM supplied by Nano C. P3HT:PCBM blend films were spin-

cast onto sodium poly(styrenesulfonate) (NaPSS)-coated glass substrates from a 

chlorobenzene solution with 1:0.8 weight ratio in a N2 atmosphere and annealed on a hot plate 

at 150°C for 30 minutes. The film thickness was measured as ~250 nm via ellipsometry. The 

film was then floated off the substrate by dissolving the NaPSS in water. It was transferred to 

a 5 mm × 5 mm Aluminum frame with a 1 mm × 1 mm open window in the center, resulting a 

standing-alone film in the window area for transmission scattering experiments. 
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Other tests samples include a P3HT:P(NDI2OD-T2) blend spun cast and transferred 

onto a 5 mm × 5 mm Aluminum frame with a 1 mm × 1 mm open window in the center in 

transmission geometry used for polarization characterization24 and poly(1,4-isoprene)-block-

polystyrene-block-poly(2-vinlypyridine) (PI-b-PS-b-P2VP) triblock copolymer [1, 56] used in 

a ~1 µm thick transmission sample on a silicon nitride transmission window for geometry 

characterization and a 40 nm thin film on a silicon wafer in grazing geometry. These samples 

have been described in depth previously and the reader is directed to those publications for 

sample details [1, 56]. 

2.4.2 ENERGY CALIBRATION  

The monochromator has a maximum resolving power (λ/Δλ) of ~3000. Near the carbon 

edge, this translates into an energy width of ~0.1 eV. Calibration of the X-ray energy is 

accomplished by collecting transmission or TEY NEXAFS spectra of known polymer systems 

or highly ordered pyrolytic graphite (HOPG) and comparing measured resonance features to 

known values. Polystyrene (PS) and poly(methyl methacrylate) (PMMA) are two common 

polymers with known NEXAFS spectra [60]. Even though the resonant absorption peaks of 

these polymers are rather broad (~300- 500 meV) compared to HOPG, they are suitable for 

easy energy calibration in transmission to within the bandwidth of the beamline. HOPG is 

available and is utilized in a TEY NEXAFS measurement if a more accurate energy calibration 

is desired [122, 123].  



36 

2.4.3 HIGHER ORDER SPECTRAL CONTAMINATION  

The undulator produces and the monochromator passes not only X-rays with the 

nominal energy, but also higher harmonics of this energy. Typically these higher harmonic 

contributions are an appreciable, but tolerable fraction (~5-20%) of the X-ray beam. However, 

the flux of X-rays at energies near the carbon K edge is often significantly affected by even 

nanoscopic layers of carbon contamination on the X-ray optical elements of the beamline. This 

contamination [124, 125] reduces the reflectivity in this energy range and can result in a 

dramatic reduction in the flux of these first harmonic photons. This reduction is often referred 

to as the “carbon dip”. The pronounced reduction in available beam intensity due to the carbon 

dip is shown in Figure 2.4(a) and inset. Unfortunately, the affected energy range is often quite 

useful in probing organic systems [74, 75, 78, 104]. Since the reflectivity of the higher order 

X-rays are virtually unaffected by carbon contamination, the reflected beam is enriched in 

photons of the wrong energy. This increased fraction of higher harmonics make normalization 

to incident flux and quantitative analysis of experiments exploiting the unique contrasts 

available in this energy range difficult if not impossible. A harmonic suppressor assembly as 

described above (Section II.A.2) is required.  

To quantify the fractional intensities of the different harmonics in the beam, we use a 

transmission diffraction grating with a line spacing of 300 nm and compare the intensities of 

the different diffraction orders at 284 eV, in the middle of the carbon dip. The diffraction 

grating is mounted at the sample location and the diffracted beam is recorded with the CCD 

detector. Figure 2.4(b) shows the resulting diffraction patterns as measured by the 2D detector. 

With the harmonic rejection mirrors adjusted to 5.4º incident angle, the diffracted higher order 
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peaks are more than two orders of magnitude lower in intensity than the first harmonic light 

and essentially in the background. Thus the use of the four bounce harmonic rejection assembly 

at or above 5.4° is determined to provide a sufficiently monochromatic beam at the difficult 

energies around the carbon absorption edge for typical experiments, although higher angles 

continue to improve the spectral purity. These scattering patterns shown in Figure 2.4(b) reveal 

that the higher harmonics are a substantial fraction of the beam when the order suppressing 

mirror is not utilized. Flux measurements in this energy range with a photodiode detector with 

no higher order rejection in place reveal that the measured intensity at 284 eV is 13% of the 

measured intensity at 270 eV. While the higher harmonic rejection assembly is in place, this 

percentage drops to 2.8% (see Figure 2.4(a)). Comparing these measurements, we can 

conclude that in general 10% of the photons in the beam at the time of this measurement (before 

carbon mitigation measures described below) are higher harmonic contributions. However, in 

the carbon dip, when first order light is selectively absorbed, ~80% of the X-rays were higher 

harmonic photons. This underscores the severity of carbon contamination and the necessity of 

having adequate higher harmonic suppression. Although higher harmonic rejection eliminates 

the deleterious impact of the carbon contamination when it comes to spectral purity, the useful 

flux is still greatly reduced. In addition, the effects of the carbon contamination on the 

polarization state of the photons cannot be easily mitigated as discussed in section III.D. It is 

important to point out that although the 2.8% flux in the carbon edge is far from ideal, 

measuring it precisely as we have here shown, allows very high quality scattering data to be 

obtained (see section IV). Recent efforts to remove carbon contamination from several of the 

optics (described in Section V) and optimization of the optical configuration has significantly 
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decreased the carbon contamination and increased the X-ray flux. In the beamline’s current 

state as of publication, the flux of first order X-rays has increased significantly to above 50% 

of the total incoming photons, which when combined with an improved optical path, results in 

more than an order of magnitude improvement in this critical energy range. 

 

 
Figure 2-4 Higher Harmonic Rejection Measurements 

 (a) Depth of the carbon dip vs. higher harmonic rejection mirror incident angle. Inset are two 

example energy scans with and without the higher harmonic rejection mirror assembly. (b) the 

diffraction from a 300 nm manufactured diffraction grating at 284 eV at various settings of the 

higher harmonic rejection mirror. The harmonic contributions are identified. 

 

2.4.4 POLARIZATION  

An elliptically polarizing undulator allows adjustment of the direction of linear 

polarization and the ability to switch to circular and elliptically polarized X-rays. These unique 

properties allow for a novel technique, resonant scattering with polarized soft X-rays (P-

SoXS), in which the morphology of molecularly oriented regions of a sample is probed by 

scattering preferentially from bonds with anisotropic transition dipole moments, for instance 

(a)
(b)
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the p-orbitals in conjugated polymers. If there is some larger range order in the arrangement of 

similarly aligned orbitals, polarized soft X-rays tuned to an energy with sensitivity to that 

orbital can then exploit that unique contrast to probe the ordering, even if the sample has a 

uniform electron density and is chemically homogenous or even amorphous. An example 

system with this behavior, measured in transmission geometry is P3HT:P(NDI2OD-T2), as 

shown in Figure 2.5. Here, it is clear that with different polarization of light, a corresponding 

scattering anisotropy is apparent. With vertically polarized photons, the scattering is enhanced 

in the horizontal direction and suppressed in the vertical direction. The anisotropy is reversed 

for horizontally polarized photons and disappears when scattering at non resonant energies 

when the photons are no longer resonant with the anisotropic p-orbital.  

We can now use this material system as a soft X-ray polarimeter and determine limits 

of the actual polarization of the 285 eV X-rays. The various linear polarizations vs. anisotropic 

angle shown in Figure 2.5(e) show well behaved linear polarization control. However, 

changing to circularly polarized light, we see that not all the anisotropy has disappeared. 

Regardless of orientation of the sample and between different samples, there remains a smaller 

anisotropy aligned at approximately 60º from the horizontal, revealing an elliptically polarized 

X-ray beam. Although the EPU can produce elliptically polarized light (and is set to do so, 

intentionally, when creating 3rd and 5th harmonic radiation) the residual linear polarization 

from these settings is either horizontal or vertical, and will not be oriented at an angle. One 

possible explanation is the carbon contamination discussed above (Section III.C). A small layer 

of carbon on the optics can cause dramatic phase shifts and selective absorption of reflected 

X-rays, causing initially circularly polarized light to become elliptically polarized upon 
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reflection. Limits on the percentage of linear polarization of the light that reaches the endstation 

can be obtained by comparison of the anisotropy (Figure 2.5). By fitting an azimuthal cross 

section of the scattering peak to an offset sinusoid, we can decompose a minimally linear 

component of the beam, by presuming actual circular light does not produce any anisotropy, 

but only an isotropic offset. Assuming the sample is perfectly anisotropic (zero scattering in 

 

 

 
Figure 2-5 2D Anisotropic Scattering Map  

the same P3HT:P(NDI2OD-T2) sample illuminated with: (a) vertically, (b) horizontally, and 

(c) circularly polarized X-rays. (d) Range of possible circular and linear components of different 

settings of polarization. (e) Orientation of anisotropy vs. beamline polarization angle. 
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the appropriate direction) when probed with truly linear aligned light, we measure a lower limit 

of 18% actual linearly polarized light when the beamline is set to produce circular. This also 

gives a lower limit on the purity of the linear polarized light of ~50%. On the other hand, we 

can find the upper limits by presuming the sample itself produces a certain amount of isotropic 

signal (a linear offset to the sinusoid) even if the beamline produces purely vertically polarized 

X-rays when we set polarization to vertical. Analyzing this limiting case, we calculate an upper 

limit on the amount of linear light while the beamline is set to circular to be 40%. Using similar 

logic the other limits of in polarization can be determined and are summarized in Figure 2.5.  

2.4.5 DETECTOR CHARACTERISTICS  

The characteristics of the 2D X-ray detector, i.e. the response to X-rays of different 

energy, readout properties, and sources of noise need to be understood to allow for quantitative 

analysis of scattering data.  

2.4.5.1 Calibration of Spectral Response of CCD Detector   

When striking the back-illuminated CCD, an incoming photon frees some number of 

electrons in the active layer of the device. The number of these free electrons is proportional 

to the photon energy.  

 kEEF )(  (4)  

The fraction of these electrons that avoid recombination long enough to be collected in 

the CCD pixel over the number initially created is defined as the quantum efficiency e  of the 

CCD pixel. This value changes with the energy of the photon, as different energies of photons 

tend to be absorbed at different depths in the device, creating longer or shorter paths for the 

electrons they produce to be collected in the pixel and eventually summed by the analog to 
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digital converter when the CCD is read out. For a single pixel the resulting digital readout S in 

Analog to Digital Units (ADUs) is then 

 
eeph gEFENES )()()( 
 

(5)  

Where phN  is the number of photons incident on the pixel and eg  is the electron gain 

of the analog to digital converter. This relation can be simplified by combining the constants 

into one effective photon spectroscopic gain phg , which will vary with energy along with the 

quantum efficiency. 

 kgEEg eeph )()( 
 

(6)  

Thus the number of photons phN that actually hit the pixel using equations (4), (5) and 

(6) is 
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(7)  

The quantum efficiency is well understood [126], and so if we can measure the photon 

spectroscopic gain at one energy, we can calculate it at any energy using equation (6) and use 

this value to convert the output of ADUs/ pixel into an actual number of photons/Δq and thus 

a quantitative scattering cross-section. 

We measure the photon spectroscopic gain of the 2D detector by exposing it to evenly 

dispersed, sparse, relatively high energy photons, such that the exposure of the CCD consists 

of well-separated, single photon events. The spatial spread of secondary electrons (the point 

spread function) produced by a single photon is not guaranteed to lie entirely within one pixel. 

It is in fact a minority of pixels that contain all the electrons produced by a single photon. This 

causes the histogram of ADUs per pixel to be spread out, making it difficult to distinguish 
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single photons, particularly when the electron yield is low (generally at lower energies). At 

1500 eV however, a separate peak of pixel values is clearly distinguishable from the 

distribution of partially filled and unilluminated pixels (σ ~8 ADUs) (Figure 2.6). Repeated 

measurements and histograms of resulting pixel values at X-ray energies down to 

approximately 1000 eV were possible as this peak remained clearly separated from the 

background peak. No peak is observed when the CCD is exposed to 900 eV and lower energies. 

To extrapolate from these values to the photon gain at different energies, the varying quantum 

 

 

 
 

Figure 2-6 Histograms of Pixel values 

CCD readout at 1500 eV, 1250 eV, 1000 eV, and 900 eV for low intensity 

illumination (<< 1 photon/pixel) and dark counts for comparison. Single 

photon event peaks in the histograms are pointed out for the higher photon 

energies.  



44 

efficiency [126] must be taken into account. At the carbon edge, )285( eVe  is roughly equal 

to )1500( eVe , meaning 

 

eVPhoton

ADU
eVg ph


 110)285(

 
(8)  

so at 280 eV the CCD returns ~28 ADUs per photon. 

 

2.4.5.2 Noise Characteristics of Detector 

Noise in a CCD originates primarily in two ways: dark noise is accumulated along with 

the data during integration and read noise is generated effectively once per exposure during 

readout. With any detector geometry, light-leaks in the chamber and noisy pixels will cause a 

certain fixed-pattern dark noise proportional to the exposure time. Fortunately for any set of 

data, a set of dark datasets in the same detector geometry and same exposure time can be 

subtracted from the collected 2D scattering patterns prior to analysis to essentially remove dark 

noise. It is found that careful covering of all windows on the chamber and cooling the detector 

to -45º C once under vacuum, reduces the dark noise to low levels, however exposures over a 

second in duration still improve dramatically with subtraction of an identically exposed image 

keeping the X-ray shutter closed. In this way fixed pattern noise that accumulates in an 

identical exposure time and geometry can be removed. While taking longer dark images would 

reduce the additional uncertainty added by the Poisson statistics of the fixed pattern noise, the 

properties of the detector change substantially both with the immediate light conditions of the 

sample chamber and the longer term growth of hot pixels. For these reasons we find that to 

ensure optimal data reliability, it is best to take an identically exposed dark image with each 

set of exposures. 
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Readout noise is in general much more difficult to predict and mitigate, particularly 

with current in-vacuum CCD Systems. We show that in this system read out noise changes 

significantly with each exposure. A histogram of the offsets and standard deviations of a set of 

identically exposed dark images (Figure 2.7(a) and (b)) shows the variability of both of overall 

scale and functional form of the readout noise. The height of the horizontal profile in Figure 

2.7(c) shows that the variation in the intensity within a single exposure can account for as much 

as 2 photons/pixel from the left to right side of the detector. The problem seems to arise from 

electronic heating during readout and is difficult to mitigate electronically for in-vacuum 

systems. Vertical profiles show no significant variation because this is the fast readout 

direction of the CCD and significant electronic heating cannot occur over this timescale. Single 

frame variation can be reduced by going to a 2 x 2 binned mode, however there is still an 

exposure to exposure shift, which is much more difficult to correct for. The width of the 

histogram of average values before background correction shows that the shift from exposure 

to exposure can be as much as 10 photons/pixel in overall background intensity. To correct for 

each of these readout errors and their variations over time, both within each individual 

exposure and between subsequent exposures, we blocked the lower section of the detector, 

insuring that part of each 2D data set is essentially a simultaneous dark exposure. The dark 

portion can then be vertically integrated to a horizontal profile and fit to an empirical double 

exponential function (Figure 2.7(c)). This fit can then be used to correct each row of the 

exposure for both the variation in readout level and overall background level of that dataset. 

The results of readout correction are shown in the histograms of data (Figure 2.7(a) and (b)) 

before and after application of the correction process. After correction, the variation in overall 
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offset is essentially removed to less than one ADU, while the shift in the background within 

each exposure is reduced significantly as can be seen in the histogram in Figure 2.7(b) and the 

2D dataset example shown in Figure 2.7(d).  

2.4.6 DATA COLLECTION AND LIVE ANALYSIS  

Software developed for 11.0.1.2 has features including correction for photon quantum 

efficiency and automatic background correction as described in the previous sections. In 

addition, routines have been developed that make it possible for live analysis of scattering data 

while the data is being read out from the detector. An IGOR-based analysis program (Figure 

(a) (b)

(c)
(d) (e)

Figure 2-7. Noise Analysis of Detector 

(a) Histograms of the standard deviations and (b) average values of all the pixels in each of 800 

dark exposures before (green) and after (red) correction by subtracting a horizontal double 

exponential from each frame. c.) A double exponential fit to the ADU values in a covered 

section of the detector in one exposure. (d) An example of uncorrected and (e) corrected 

scattering pattern, illustrating the flattening process. 
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2.8), based on the NIKA data processing program [121] has been implemented that can 

perform all the typical analysis steps as data is recorded. First the geometry and energy 

calibrations are measured using a set of calibration samples with known spacings and energy 

responses. The analysis program fits the characteristic scattering rings from the chosen 

calibrant to determine the geometry of the sample and detector in the same procedure as in 

hard X-ray scattering calibration [119]. Various forms of data analysis are available, including 

radial integrations, sector integrations, line cuts, or some combination. After the data analysis 

mode is chosen and a dark image or series of dark images is acquired with the same exposure 

times of the data to be collected, the “auto analyzer” feature is turned on. As data is collected, 

a reduced form of the data (typically an I(q) graph) is produced and optionally plotted, allowing 

for immediate feedback of data quality, ensuring efficient and effective use of beamtime. 

Movements of the sample or CCD geometry, the parameters of the X-ray optics and apertures 

including the polarization and energy are recorded and data processing parameters are 

automatically adjusted as necessary (i.e. for a new beam center) to reflect the new state of the 

beamline.  
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Figure 2-8 User Interface  

Program created for Beamline 11.0.1.2 real time quantitative scattering analysis. 

 

 

2.5 RESULTS  

2.5.1 EXAMPLE OF DATA TILING AND LIMITS OF Q RANGE  

To reach the maximum range of momentum transfer that the beamline is capable of, 

exposures at varying detector locations are necessary. Procedures have been developed to 

allow acquisition of scattering to 2θ>90º although certain geometrical aspects of the sample 

environment have thus far limited acquisition to 2θ<50º. This corresponds to reaching a small 

feature limit of approximately 5 nm with use of 280 eV photons (see Figure 2.9). For the lowest 
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q possible, the detector is moved to its furthest distance from the sample (168 mm). In 

transmission geometry, an additional 25 mm of distance can be gained for a total distance of 

195 mm by moving the z motor of the sample stage to the upstream limit. In four exposures, 

one with the CCD centered and the sample-CCD distance maximized at 193 mm and one each 

with sample located in the center of the goniometer at a distance of 80 mm and while the 

detector is at 10º, 25º and 45º from horizontal, a q range spanning nearly 3 orders of magnitude 

is readily obtainable. This is shown on a sample of drop cast 300 nm polystyrene nanospheres 

in Figure 2.9. At each location, calibration data could be recorded, but the live analysis 

software can also extrapolate the change in geometry automatically by monitoring the motor 

positions. Thus, a single plot of scattered intensities vs. momentum transfer can be built by 

simply moving the detector and taking successive exposures. 

Operation in grazing geometry makes using the extra distance afforded by moving the 

sample to the upstream limit more difficult if not impractical, as the exact grazing angle 

determination is only readily done when the surface of the sample is in the center of rotation 

of the 2-circle diffractometer. Although the low q-limit is thus theoretically slightly increased 

over use of the facility in transmission geometry, the added geometrical benefit of stretching 

the in plane scatter in the specular direction actually allows measurement beyond the limit 

allowed in transmission, probing features up to the coherence limit of 5 µm in the plane of the 

sample. 
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Figure 2-9 Example of Tiling 

Tiled detector geometries generate a single scattering intensity vs. q plot for drop cast 100 nm 

poly(styrene) nanospheres spanning an effective size range of 5 nm to 2 μm, and a silver 

behenate powder diffraction ring at 5.8 nm for reference 

 

2.5.2 EXAMPLE APPLICATION IN TRANSMISSION GEOMETRY: P3HT:PCBM  

R-SoXS has been found useful in characterizing a number of blends used for organic 

bulk heterojunction (BHJ) solar cells [21, 34, 76, 127]. Samples are conveniently investigated 

in transmission as thin films prepared precisely in the way they are for the devices. We show 

as an example the R-SoXS results of a P3HT:PCBM blend, a relatively high-performing 

system used in organic solar cells. The radially averaged R-SoXS intensities from a 250 nm 

thick film annealed at 150ºC for 30 min are plotted in Figure 2.10 for 284.2 eV and 270 eV 

photon energy. Due to the energy dependence of the optical constants of the constituents and 

thus their contrast, the scattering intensity profiles show strong energy dependence. At 284.2 

eV, the scattering contrast between P3HT and PCBM constituents is optimized. The spacing 
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corresponding to the feature observed is 2π/q ≈ 20 nm. At 270 eV, the contrast between P3HT 

and PCBM is much reduced. The energy dependence of R-SoXS can thus be readily exploited 

and provides crucial information that can be taken into consideration when analyzing the data 

with more conventional methods.  

Other applications to date in the transmission geometry include various block 

copolymer systems [56, 75, 127], dilute solutions and suspensions [77], low dielectric polymer 

thin films [104], and organic thin film transistors [1]. 

 
Figure 2-10 RSoXS Example 

Scattering intensity vs. momentum transfer for transmission X-rays at resonant (284.3 eV) and 

nonresonant (270 eV) X-ray energies for annealed (30 min 150 ºC) P3HT:PCBM BHJ film. 
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2.5.3 EXAMPLE APPLICATION IN GRAZING INCIDENCE GEOMETRY: BLOCK 

COPOLYMERS   

Scattering from grazing incidence geometry has numerous benefits. As in hard X-ray 

grazing incidence scattering, the incident X-ray dose on the sample is minimized, while the 

scattering path in the sample is maximized, meaning sample damage is minimized while scatter 

intensity can be simultaneously maximized. In addition, a single CCD exposure can capture 

both the in-plane structure as probed in transmission geometry and out of plane structure as 

probed in reflectivity. When this is added to the chemical sensitivities of soft X-rays, a 

powerful and unique tool for measuring thin film structure is achieved. For example, the 

structure of an IS2VP tri-block copolymer thin film was characterized using grazing incidence 

soft X-ray scattering as shown in Figure 2.11. 2D scattering intensities in the in-plane (qxy) 

direction integrated within a narrow rectangle along the Bragg-rods are shown in Figure 2.11. 

The location of the Bragg rods (see 250 eV data as example) reflects the in-plane structure, 

while the modulation along the rods in the qz direction reveals the out-of-plane structure – the 

film thickness in this case. Based on the in-plane q-spacing of the first, second and third 

diffraction order, we can conclude that the 40 nm thin film contains hexagonal packed in-plane 

structure with long-range order. Interestingly, the variation in the relative diffraction peak 

intensities at different energies suggests a core shell structure.  
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Traditional techniques have difficulty determining this structure because the scattering 

intensity is the multiplication of the form factor and the structure factor (interference function) 

and when samples contain long range order, the diffraction from the structure factor dominates 

the form factor. Decoupling the form and structure factors requires changing the relative 

contrasts, which can be rather challenging with traditional techniques. While contrast matching 

is possible in neutron scattering, it requires adjusting the 1H/2H ratio during synthesis of one 

or two of the blocks. R-SoXS, as demonstrated in this case can tune the contrast between the 

polymer blocks simply by changing photon energy. Varying the effective contrast changes the 

form factor of the object and relative peak intensities in the scattering pattern, while the 

structure factor remains the same. As can be observed in Figure 2.11, the relative peak intensity 

of the various diffraction orders is indeed a strong function of photon energy, confirming a 

 
Figure 2-11 Grazing Incidence Example 

(a) 2D scatter plot from IS2VP thin film. Increasing in plane momentum transfer (qxy) is 

to the left, while increasing out of plane momentum transfer (qz) is upward with zero offset 

to the reflected beam center. (b) Horizontal (qxy) profiles 

(a) (b)
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dual cylindrical structure. Quantitative modeling as well as stained electron tomography 

confirm this result and provides additional details about the relative length scales and geometry 

of different cylinders [56]. 

2.6 V. DISCUSSION  

We have shown methods addressing many of the difficulties encountered with 

obtaining artifact free scattering data near the carbon K absorption edge. Higher harmonic 

spectral components of the beam are measured with a diffraction grating and removed by a 

four bounce Ni-coated mirror adjusted to a sufficiently high angle. New methods in measuring 

the polarization content of the X-ray beam around the carbon edge were presented and show 

that actual circular polarization is difficult to obtain, which is likely the result of carbon 

contamination on beamline optics. Methods for obtaining photon counts from the readout of a 

2D in-vacuum back illuminated CCD were developed. Procedures to measure and correct for 

noise sources applicable to any in-vacuum 2D detector system able to record photon energies 

in this range were developed. Finally, we have presented a live analysis system that is able to 

accomplish the initial reduction and analysis of data immediately as data is acquired. With all 

these methods and characterizations, we ensure efficient, normalized, corrected and quantified 

scattering data acquisition in this difficult but uniquely useful X-ray energy range. 

In spite of the significant improvements achieved with the present facility and the 

procedures for working around certain difficulties, there are several aspects that can and must 

be improved in order to take full advantage of the intrinsic capabilities. Foremost amongst 

these are the carbon contamination on the optics, improved accuracy of absolute scattering 

intensity, and control of the sample environment.  
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Mitigating carbon contamination is a central concern for soft matter systems, in which 

case those energies that are most effective in probing morphology are also those affected most 

by carbon contamination. The negative impact on the polarization by the anisotropic carbon 

contamination is particularly detrimental and cannot be compensated for by longer exposure 

times or use of higher order suppression. There has been success on other beamlines of cleaning 

the optics in situ by leaking in a low pressure of O2, which when exposed to X-rays or 

secondary electrons near the optics creates reactive oxygen species that react with the carbon 

on the surface to create volatile compounds that can be pumped away [128, 129]. Alternatively, 

direct creation of an reactive glow-discharge plasma can be used [130]. This method, however, 

works best with line-of sight between the RF-reactor and the optics. It also necessitates a bake-

out after cleaning. Alternatively, optics can be cleaned ex-situ with a UV-lamps or a standard 

UV-ozone cleaner, or the coating can be stripped and a new one evaporated. Very recently, an 

effort at 11.0.1.2 to mitigate the carbon contamination by removing and cleaning the main 

mirrors in this way was completed successfully, improving the flux of 284eV photons by more 

than an order of magnitude. 

Certain problems with the beamline and facility are intrinsic to the specific hardware 

installed and can thus be mitigated only by upgrading the hardware. In vacuum, two 

dimensional soft X-ray detectors have been very useful for efficient scattering detection. 

However, the detector currently installed in 11.0.1.2 has been shown to have various readout 

issues that affect absolute measurements which we describe above. Even though we have 

mitigated these issues with automated corrections, newer detector technology such as active 

pixel arrays with single photon counting capabilities will be ideal for future development. 
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Although the present detector and facility provides a significant improvement over use of point 

detectors, only approximately 3% of the desired solid angle of  = 2π is detected. 2D detectors 

or arrays of detectors that cover a larger angular range would be able to further improve the 

throughput and signal/noise ratio for intensity measurements at high q while also reducing the 

radiation damage of the organic samples. This will become increasingly important as more 

tightly focused X-ray beams might be used to investigate smaller samples. Given the large 

scattering angles present for scattering of soft X-rays, development and implementation of a 

large solid angle detector will be not trivial to achieve.  

The present low q limit cannot be significantly improved given the source and beamline 

optics and the current sample-detector distance, which is limited by the size of the scattering 

chamber. A second detector mounted permanently on the X-ray axis in the upstream wall of 

the scattering chamber will decrease this low q limit to the coherence minimum of the X-ray 

beam.  

Sample environmental control such as heating/cooling, the use of liquid or gas cells, 

and magnetic and electric fields, would further broaden the utility of the facility presented, 

allowing in-situ measurement of the evolution of numerous systems. 

There are many further areas of development for soft X-ray scattering. Grazing 

incidence developments include utilizing the varying optical properties of various materials 

near absorption edges, which should enable selectively scattering from an internal interface by 

careful choice of X-ray energy where the contrast of that particular interface is maximized. In 

all scattering experiments, but in soft X-ray systems perhaps even more so, the development 

of analytical and statistical modeling and fitting tools are critical to fully utilize the power of 
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these techniques. In this direction, new tools are being developed to allow real space and 

Fourier space techniques to work together to determine both local and structure and long range 

order within important systems. 

2.7 VI. CONCLUSION   

By utilizing the selective contrast to composition and orientation afforded by use of 

photon energies near the carbon absorption edge, R-SoXS is proving particularly valuable in 

revealing structure-properties relationships. Most applications to date have focused on 

characterizing systems based on synthetic materials. Similar to other scattering methods, R-

SoXS is however a general characterization method that we expect to be used in many 

disciplines and across many materials classes that will eventually include biological, 

environmental and organic geochemical materials. We anticipate a development similar to 

what has occurred in the field of transmission NEXAFS microscopy, which has initially also 

been demonstrated utilizing polymers [91, 92] and which has subsequently been used in wide 

range of disciplines that span geology [131], chemistry [132], polymer science [133], and 

biology [134]. However, unlike the situation in microscopy where edges of samples are of little 

consequence and rather small samples can be studied with ease, edges introduce strong 

unwanted parasitic scattering if the sample is smaller than the photon beam. This parasitic 

scattering might limit the range of samples that can be investigated until such time that more 

tightly focused X-rays beams become available.  

In many instances, quantitative analysis required for many applications necessitates 

knowing the correct intensity across the full q-range in order to achieve correct structure factors 

and correlation functions, and calculation of the scattering invariant Q. Given that the desired 
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data often spans six orders of magnitude, the limited per-pixel dynamic range of the present 

CCD to a little more than 103 and the various sources of noise thus necessitate extensive 

experimental care when tiling q-ranges or comparing data sets at different energies. 

Development and use of more advanced detectors that facilitate accurate measurements is thus 

highly desirable. In general, the goal for the R-SoXS community will have to be to match the 

accuracy achieved by the more developed and matured ASAXS and SANS communities. The 

developments presented here are a necessary first step. 

An interesting direction for future development of this facility would take advantage of 

the high brightness of the undulator source by illuminating the sample coherently. Recent 

developments in X-ray photon correlation spectroscopy and coherent diffractive imaging 

techniques such as HERALDO and ptychography show great promise for characterizing 

nanoscale morphologies in real space or probing dynamic phenomena [113, 135]. These 

methods take advantage of the full-beam coherence to invert the scattering pattern into a real 

space image. This would allow for truly diffraction-limited resolution, thus affording much 

higher spatial resolution X-ray microscopy than current techniques can provide.  

There are several soft X-ray scattering facilities existing or under construction at 

synchrotron facilities around the world, including efforts at SOLEIL, Electra, and NSLS. 

However, these facilities are not specifically designed to characterize soft matter and so aren’t 

necessarily concerned with carbon contamination and the numerous problems it creates. Our 

focus on optimizing work near the vicinity of the carbon K absorption edge, combined with 

the high brightness available at the ALS, makes the facility described here a unique and 

important characterization tool for soft matter systems. 
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MODEL FREE ANALYSIS OF SOFT X-RAY SCATTERING IN PHASE 

SEPARATED SYSTEMS   

This chapter is a prepared manuscript delineating and testing analysis techniques and 

rules of thumb commonly used in soft X-ray scattering experiments from phase-separated 

systems such as OPVs. There is confusion and disagreement in the field as to how to analyze 

results, and what exactly a scattering pattern can say about the system it comes from. For this 

reason, we decided that some modeling was appropriate to quickly test hypotheses, concerns, 

and analysis techniques robustly. Particularly, it has become necessary to rigorously prove the 

central theory of soft X-ray scattering, the mechanism of contrast, and how it is properly 

calculated and understood. Although the topics in the paper may seem somewhat disparate, 

they all fall into the general category of determining quantitative information in high volume 

fraction, phase separated systems. 

Maolong Tang wrote the initial proof which turned into section 3.3.1, as well as the 

Mie scattering code which produced the raw data that went into section 3.4. John Tumbleston 

and Harald Ade aided in the initial conception of the need for this paper, and what should be 

shown. I performed the design and writing of all the analysis techniques and simulations, and 

chose the simulated parameters. 
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3.1 ABSTRACT 

A strategy of maximizing the utility gained by the use of Soft X-ray Scattering in the 

morphological characterization of high volume fraction systems is examined. Blends of 

organic materials are often central to important devices, such as organic photovoltaics (OPVs). 

In these materials, it is generally a near-equal mixture of materials that is spun cast from solvent 

into a thin film, which is then scattered from in a Resonant Soft X-ray Scattering (RSoXS) 

experiment. Yet, the analysis of this scattering is done in relatively disparate and contradictory 

ways, applying different models to the same system, and obtaining inconsistent results. Full 

advantage has not been taken of the full potential of model free analysis available with only 

minimal information such as the volume fraction and optical constants of components. We 

derive the contrast mechanism of soft X-rays, and test the validity of the Born approximation 

in simulated systems, determining some practical limits of the approximation in organic 

systems. We show through a multitude of simulations the correlation between different 

measures often used in analysis of scattering patterns and the designed morphology particularly 

the average domain size and spacing that created the pattern. Finally we examine several ways 

of retrieving size scales from a system with multiple length scales, including a combination of 

Lorentz corrected one dimensional patterns and Chord Length Distributions. 
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3.2 INTRODUCTION 

Soft X-ray scattering is a burgeoning technique which has recently been used in the 

determination of morphology of organic blend systems [75, 77, 136]. The unique contrast 

enhancement available at the carbon absorption edge allows fingerprinting of materials, and 

targeting certain structures within a thin film [12, 82]. Determining the optical constants of 

pure materials ahead of a scattering experiment [137], and determination of all the potential 

contrasts in the system and the energy behavior of them, can allow much more precise 

knowledge to be gained.  

Next, we rigorously prove the often stated relationship between the index of refraction 

and scattering in these systems, that the scattering is proportional to the modulus squared index 

of refraction. We also calculate the full scattering solution in systems of relevant scales and 

contrasts to OPV experiments, and show that the Born approximation is appropriate for these 

materials, even at resonance peaks. The scattering patterns from a full treatment and the Born 

approximation are nearly indistinguishable.  

The interpretation of scattering patterns often either identify peaks and shoulders of 

one dimensional radially averaged scattering patterns as size scales, or use a model to derive 

morphological size scales present in the system. In these irregular systems, it is often 

appropriate to use liquid-liquid models, which do not often give morphological information of 

interest, which are generally domain size and spacings. We examine the fundamental principles 

of scattering from a binary system, and take a statistical look at what connections can be made 

concretely between realistic scattering patterns and morphology without imposing a model. 
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Finally, beyond just obtaining average properties of a system, we show how multiple 

size scales can be recovered from scattering patterns reliably, by looking at the chord length 

distribution. 

3.3 THEORY 

3.3.1 SCATTERING BASICS 

Developing the scattering theory in the Soft X-ray regime, it is informative to go back 

to basic principles. We define an incident x-ray wave �⃗� 𝑖(𝑟 , 𝑡) as a plane wave, where �⃗� 0 is a 

constant electric field vector, �⃗� 𝑖 is the incident wave vector.  

 �⃗� 𝑖(𝑟 , 𝑡) =  �⃗� 0 ∙ 𝑒𝑖 �⃗� 𝑖∙𝑟 −𝑖𝜔𝑡  (1)  

And the displacement vector field �⃗⃗� (𝑟 , 𝑡) in a dipole field of permittivity 𝜖 

 �⃗⃗� (𝑟 ) = 𝜖�⃗� (𝑟 ) = �⃗� + 4𝜋�⃗� = (1 + 4𝜋𝜒𝑒)�⃗�  (2)  

Where �⃗� = 𝜒𝑒�⃗�  is polarization field and 𝜒𝑒 the electric susceptibility. We connect 𝜖 to 

𝑛 by the relation 

 𝑛2 = 𝜖 = 1 + 4𝜋𝜒𝑒 (3)  

Which is technically a tensor. This relation is correct when the magnetic permeability 

𝜇 is very close to 1. Then the born approximation gives �⃗� = �⃗� 𝑖 or  

 
�⃗� = 𝜒𝑒⃡⃗  ⃗�⃗� =

𝑛2 − 1

4𝜋
∙ �⃗� 𝑖 = (

𝑛2 − 1

4𝜋
∙ �⃗� 0 ) 𝑒𝑖 �⃗� 𝑖∙𝑟 −𝑖𝜔𝑡 = 𝐸0𝑒

𝑖�⃗� 𝑖∙𝑟 −𝑖𝜔𝑡 �⃗⃗�  

 

(4)  

 Where �⃗⃗� = 𝜒𝑒⃡⃗  ⃗ ⋅ Ê0 and 𝐸0 = |�⃗� 0|. In the far field (in the direction of �̂�), only the 

transverse or off diagonal elements contribute to �⃗⃗�  
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�⃗⃗� ⊥ = (𝐼 − �̂��̂�) ⋅ �⃗⃗� = (𝐼 − �̂��̂�) ⋅ (

𝑛2 − 1

4𝜋
∙ �⃗� 0) ∙

�⃗� 0
𝐸0

 (5)  

So the electric field �⃗� and magnetic field �⃗⃗�  in the far field are 

 
�⃗� ff = −

𝑘2𝐸0𝑒
𝑖𝑘𝑟−𝑖𝜔𝑡

𝑟
∫𝑑3𝑟 ′�⃗⃗� ⊥( 𝑟 ′)𝑒𝑖(�⃗� 𝑖−�⃗� 𝑜)⋅𝑟 ′ 

�⃗⃗� ff = �̂� × �⃗� ff 

(6)  

where 𝑘 = |�⃗� |, which is the magnitude of the wave vector (
2𝜋

𝜆
). The scattered intensity 

(𝐼) is equal to the time averaged Poynting vector in the far field, which is therefor (see Jackson 

[138] page 411)  

 𝐼 = 〈𝑆 〉 =
𝑐

8𝜋
�⃗� × �⃗⃗� ∗ 

=
𝑐

8𝜋
(�⃗� ⋅ �⃗� ∗)�̂� 

=
𝑐𝑘4𝐸0

2�̂�

8𝜋𝑟2
∫𝑑3𝑟 1 𝑑3𝑟 2 (�⃗⃗� ⊥(𝑟 1) ⋅  �⃗⃗� ⊥

∗(𝑟 2)) 𝑒𝑖(�⃗� 𝑖−�⃗� 𝑜)⋅(𝑟 1−𝑟 2) 

(7)  

Going back (5) and simplifying in the case that 𝑛 is a scalar to  

 
�⃗⃗� ⊥(𝑟 1) ⋅  �⃗⃗� ⊥

∗(𝑟 2) =  
1

4𝜋2
(1 − (r̂ ∙ �̂�)

2
) (𝑛(𝑟 1) − 1)(𝑛∗(𝑟 2) − 1) (8)  

where �̂� is the unit vector in the direction of the outgoing wave front �⃗� 𝑜, i.e. towards 

the observer, and �̂� is the polarization of the incoming wave, so that r̂ ∙ �̂� = cos 𝜃 and 1 −

(r̂ ∙ �̂�)
2
= sin2 𝜃 where 𝜃 is the angle between the polarization and outgoing vectors. Using 

this, by defining 𝑞 = �⃗� 𝑖 − �⃗� 𝑜, and (8), we can simplify (7).  

 

 
𝐼(𝑞 )  =

𝑐𝑘4𝐸0
2�̂�

8𝜋𝑟2
sin2 𝜃 |∫𝑑3𝑟 1 𝑑3𝑟 2 (𝑛(𝑟 1) − 1)(𝑛∗(𝑟 2) − 1)𝑒𝑖�⃗� ⋅(𝑟 1−𝑟 2)|

2

  (9)  

 
𝐼(𝑞 )  =

𝑐𝑘4𝐸0
2�̂�

8𝜋𝑟2
sin2 𝜃 |(∫𝑑3𝑟 1 (𝑛(𝑟 1) − 1)𝑒𝑖�⃗� ⋅𝑟 1) (∫𝑑3𝑟 2 (𝑛

∗(𝑟 2) − 1)𝑒𝑖�⃗� ⋅𝑟 2)|
2

  (10)  
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𝐼𝑒𝑞(𝑞 ) = 

𝑐𝑘4𝐸0
2�̂�

8𝜋𝑟2 sin2 𝜃  |�̃�(𝑞 )|2 (11)  

where �̃�(𝑞 ) is the Fourier transformed 𝑛(𝑟 ) and we have discarded the constant offsets 

which when Fourier transformed only contribute 𝛿(𝑞) functions at 𝑞 = 0⃗ . Scattered photons 

at 𝑞 = 0⃗  are not experimentally measurable, so 𝐼𝑒𝑞(𝑞 ) ≡ 𝐼(𝑞 ≠ 0⃗ ) 

3.3.2 CONTRAST DERIVED 

When we make the simplification at these energies that 𝑛 − 1 ≪ 1 so it is useful to 

split 𝑛 into the very small real deviation from 1 (𝛿) and the imaginary absorptive deviation 

from zero (𝛽)  

 𝑛 =  1 − 𝛿 + 𝑖 𝛽 (12)  

Consider a binary system where the two components with indices of refraction 

𝑛1, and 𝑛2 fill all space. This means that the relative concentrations 𝑐𝑖(𝑟 ) have a value between 

0 and 1 for all 𝑟  and  

 𝑐1(𝑟 ) + 𝑐2(𝑟 ) = 1 (13)  

We can do some math and redefine the index of refraction in terms of these spatial 

variations 

 𝑛(𝑟 ) = 𝑛1𝑐1(𝑟 ) + 𝑛2𝑐2(𝑟 ) (14)  

Using (13) and defining Δ𝑛 ≡ 𝑛2 − 𝑛1 

 𝑛(𝑟 ) = 𝑛1 + (𝑛2 − 𝑛1)𝑐2(𝑟 ) 

= 𝑛1 + Δ𝑛 𝑐2(𝑟 ) 

(15)  
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This usefully puts all the spatial variations into one scalar field 𝑐2(𝑟 ). Using the 

properties of the Fourier transform, if again we are only interested in |𝑞 | ≠ 0⃗ , the constant 

offset in the Fourier transform drops out, and we can further simplify equation (9) to 

 
〈𝑆 〉 =  

𝑐𝑘4𝐸0
2�̂�

8𝜋𝑟2
sin2 𝜃 |Δ𝑛|2 |c̃2(𝑞 )|

2 (16)  

 We can now define the contrast between the two materials as |Δ𝑛|2 which from (10) 

can be written as 

 |Δ𝑛|2 = |𝛿1 − 𝛿2|
2  + |𝛽1 − 𝛽2|

2 = Δ𝛿2 + Δ𝛽2  

This definition is useful in comparing different systems as delta and beta change, the 

scattering form factor encoded in |c̃2(𝑞 )|
2 will not change, while the materials contrast does. 

 

Figure 3-1 Scattering Contrasts 

Scattering contrasts calculated from absorption data for two materials, P3HT and PS in vacuum. 

(both of these materials, along with PCBM are used in the Mie scattering simulations in Fig. 

3.2) A) A zoomed out view of scattering contrasts over a huge range of X-ray energies, from 

the UV into the hard x-rays. The vacuum contrasts are dominant through much of this range 

with the one exception being near the carbon edge. B) A Zoom into the boxed region in A, 

showing the complex contrast behavior near the carbon absorption edge. 
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Also, interestingly, all the X-ray energy (or wavelength) dependence is in Δ𝑛 not 𝑐2(𝑟 ). 

Example contrasts are shown in Figure 3.1 

The same behavior here derived for a binary system, can be derived for a systems 

composed of many elements. In each case, the contrast between any two elements can be 

defined, although the total scattering factor is a sum of all of the spatial functions. When the 

𝑐𝑖,𝑗(𝑟 ) are incoherent, as in disordered systems is often the case (see Chapter 5 for an example) 

these scattering spatial factors can be simply linearly combined with their relative offset being 

the contrast between the two relevant materials. This implies that a linear decomposition of 

these systems is possible into paired contrasts. 

From this, we can determine a rule of thumb for scattering acquisition of complicated 

systems. To determine the structure of any one material in a system of 𝑚 components, each 

pair should be measured, resulting in  

 
𝑁𝑚 = ∑(𝑖 − 1)

𝑚

𝑖=2

=
1

2
(𝑚2 − 𝑚) (17)  

Scattering measurements. So for a two-component system, one energy is needed, 

because there is only one combination, while for a three-component system, three energies 

should be measured to ensure that a given scattering pattern comes from a particular element. 

It should be noted that vacuum is always one of the components in every scattering experiment. 

Vacuum contrast should always be considered and removed from scattering patterns if material 

contrast is desired. For a ten-component system, there are 45 necessary energies, at which point 

complicated fitting routines will be needed to decompose each component. Rather than just 

taking the minimum number of measurements, taking a whole range of measurements at 

different energies can constrain scattering results and ensure that a certain measured structure 
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is from a particular material. Of course, in many experiments, multiple contrasts can be ruled 

out at once, i.e. scattering well below or above the absorption edge should maximize the 

vacuum contrast of all the materials in the sample at once, and minimize materials contrast. 

Careful NEXAFS measurements [137] and judicial use of multiple energies in every scattering 

experiment should become standard practice in using Resonant Soft X-ray Scattering. 

In cases where n is not reducible to a scalar, but instead molecular alignment 

dramatically changes the optical properties, as are the case in many conjugated polymer 

systems [1, 79], each orientation (parallel, perpendicular to incident E-field) can be considered 

as different materials, increasing the number of scalar elements by one for uniaxial symmetric 

systems. (see Chapter 4 for a detailed derivation of scattering in these cases) 

This technique of reducing scattering to pairs of materials at different energies, requires 

knowing the optical constants before experiment very accurately, which in many cases may be 

challenging or impossible. In these cases we propose that a principle value decomposition of 

an over-constraining set of energies can fit contrasts that are known, and return the residual 

scattering patterns, along with their individual contrasts, as accomplished successfully in our 

recent GRSoXS application (see Chapter 5). Such a complete model free analysis would 

require excellent normalization and background subtraction and the ability to measure absolute 

scattering intensities accurately, which are still challenging [79]. Nonetheless, the potentials of 

determining both chemical and structural information simultaneously in a single set of 

scattering experiments is an exciting possibility. 
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3.4 BEYOND BORN APPROXIMATION 

There are concerns in organic thin films systems, specifically OPV systems, that the 

contrast enhancement at the carbon 1S absorption edge is so high, that the Born Approximation 

(BA) used with hard X-rays may no longer hold, and higher order forms may be necessary to 

accurately model the scattering as is done with techniques where multiple scattering events are 

possible [139]. This section will examine this claim for several realistic samples. First we will 

simulate commonly sized particles of PCBM in a P3HT matrix (or equivalently in the 

calculation, because of Babinet’s Principle, P3HT domains in a PCBM matrix). Several studies 

have found domain sizes of ~20 nm - ~100 nm in this or similar systems [12, 140]. Next, the 

contrast peak of poly(styrene) (PS) is an example of a typical upper bound for organic 

materials, where |𝛿|2 + |𝛽|2 > 10−5 (Figure 3.1).  

To test BA, we need a more precise theory to test it against. Although dynamical 

scattering theories are routinely used in many highly interacting probe systems, and are quite 

accurate, we consider the efficient and exact solution to the scattered field available using Mie 

scattering theory on dilute spherical dispersions [141]. While Mie scattering is not appropriate 

for high volume fraction systems like those we are considering, the change in form factor we 

can calculate with Mie scattering will indicate the limits of the BA in organic systems. This 

general limit will be equally applicable in high volume fraction experiments. At a minimum, 

by determining size scales and contrast levels at which Mie scattering no longer matches the 

BA, then those same size scales and contrast levels should be of concern in OPV thin film 

systems. 
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As we can see in Figure 3.2 and the results presented in Table 1, the scattering 

intensities even at the contrast peaks of the P3HT PCBM system are nearly identical between 

Mie Scattering and the BA. Only when we consider 300 nm particle radiuses at high contrast 

does Mie Scattering begin to significantly deviate. This (~300 nm) is generally the upper limit 

of sample thicknesses used in experiments, and simultaneously the maximum contrast usually 

 

Figure 3-2 Mie Scattering results 

BA compared to the exact Mie scattering solution for A) 20 nm and B) 100 nm radius PBCM 

particles in a P3HT Matrix, C) 150 nm and 2) 300 nm radius PS particles in vacuum. Each 

pair of scattering curves are normalized to the Born result at q=0, i.e. the Mie result is scaled 

by the same factor, thus when the Mie result at q=0 deviates from 1, the results are no longer 

equivalent, and the Born Approximation is breaking down. This also means the contrast 

differences at different energies are normalized away. 



71 

achievable. While as discussed above, this result is not identically applicable to non-spherical 

or high volume fraction systems, a general rule seems to be that deviations in intensity are to 

be expected when either particle sizes or thicknesses are larger than ~300 nm and the contrast 

of the system > 10−5. Of course, there is a tradeoff between these measures. As the contrast 

goes down, thicker systems can be safely measured without multiple scattering events 

becoming a problem, and for thinner systems, somewhat higher contrasts should also be fine.  

This appears to be the practical limits of BA, meaning that near these limits, multiple 

scattering events should be considered in the analysis. However, it should be noted that even 

in the worst cast considered, the measurable deviation in size scale measured is considerably 

Table 1 Mie Scattering Results 

Material radius 

(nm) 

X-ray Energy 

(eV) 

Ratio of Q Ratio of Intensities 

PCBM in P3HT 20 269.9 0.999 1.018 

PCBM in P3HT 20 279.8 0.999 1.018 

PCBM in P3HT 20 284.2 1.003 0.988 

PCBM in P3HT 20 290.0 1.000 1.009 

PCBM in P3HT 20 320.0 1.001 0.989 

PCBM in P3HT 100 269.9 0.994 1.090 

PCBM in P3HT 100 279.8 0.995 1.085 

PCBM in P3HT 100 284.2 1.009 0.894 

PCBM in P3HT 100 290.0 0.999 1.030 

PCBM in P3HT 100 320.0 1.004 0.947 

PS in Vacuum 150 269.9 1.002 0.959 

PS in Vacuum 150 284.6 1.008 0.897 

PS in Vacuum 150 320.0 1.030 0.626 

PS in Vacuum 300 269.9 1.006 0.895 

PS in Vacuum 300 284.6 1.021 0.737 

PS in Vacuum 300 320.0 1.064 0.380 
Data from fits to the data in Figure 3.2. Ratio of intensities are the Mie scattering intensities at 

q=0 divided by the BA results. Ratio of Q is determined by the location of the first minimum 

from Mie Scattering divided by the first minimum found by BA. 
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smaller , ~5%, than the deviation in intensity of ~60%. So when determining only size scales, 

and not total scattering intensity, multiple scattering events are less of a concern. 

3.5 VOLUME FRACTION SIMULATIONS 

A common characteristic of OPV Bulk Heterojunction systems is that they are 

composed of roughly equal fractions of two main compounds which have to some degree phase 

separated (by crystallization [49], agglomeration [142], or spinodal ripening [143]). Generally 

RSoXS measurement are used to determine the domain phase size, purity and interfacial 

characteristics [12, 82, 87, 89, 144]. Many models exist [145], but they can be difficult to fit, 

and if a fit is completed, it is often not straightforward to connect the parameters to 

characteristics of interest. A model free analysis is generally preferable if useful parameters 

can be extracted.  

We conduct a statistical numerical analysis of common measures of domain size or 

spacing [1, 12, 77, 82, 87, 127, 136, 146, 147], including peak locations, zero crossings and 

minima of the autocorrelation, and various higher order derivatives corresponding to the Chord 

Length Distribution (presented in next section). We choose a simple system, one of randomly 

spaced cylinders with varying distributions, average size, distribution size, distribution type, 

and multiple distributions of different sizes, all at volume fractions from .1 to .7 of the system 

occupied. .We choose a dispersed system for the unambiguous knowledge of absolute length 

scales in the system, and while this limits the applicability of the results, comparisons to the 

values in spinodal decompositions and more ordered morphologies are straight forward and 

discussed below. In a sense, the dispersion case is a worst case scenario, as in these systems, 

there is still a form factor component which might complicate things, and lead to spurious 
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peaks in some analyses [96]. The results of correlation vs. volume fraction for all the 

measurable quantities described above from the scattering pattern, and all of the actual 

statistical information about the system are presented in Figure 3.3. 

To mimic a real system, only q values from a reasonable collectable range of q values, 

.03 to .5 nm-1 were used in these simulations. The Lorentz corrected [97] intensity mean value 

is correlated to both domain size and domain spacing with the Pearson linearity coefficient of 

r>.995 over the simulated volume fractions from .1 to .7. It is important to note that certain 

simulated systems (described in Supporting Information) were only able to be calculated up to 

 

Figure 3-3 Correlation of Scattering Measurables 

The correlations between measurables and the two basic ensemble properties 

of a system, A) the average radius of particles, and B) domain spacings. In 

both cases, the highest correlation is with the Lorentz corrected mean value. 

C) The linear coefficient between Lorentz corrected mean and domain 

spacing and mean size vs. volume fraction. 
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limited volume fractions, resulting in the periodic dips as these algorithms could no longer 

create higher volume fraction systems. These systems allow each cylinder to have an exclusion 

zone some percentage of the radius extending beyond the surface, where other cylinders could 

not be added. Despite all these variations, the Lorentz corrected mean is always a reliable 

method to determine these average system properties. 

3.6 CHORD LENGTH ANALYSIS 

Despite its obvious use in characterizing the average properties of a system, the mean 

domain size and domain spacing are only rough averages of the whole system. It is often 

important to look for details of the system, particularly important is recognizing multiple size 

scales in a single system [127]. Figure 3.4 presents one of the many systems contributing to 

 

Figure 3-4 Chord Length Analysis 

Figure showing selection of systems of cylindroids with populations of 10 nm and 22 nm 

diameters, with sigma of A) 1 nm B) 2 nm C) 4 nm. D) The probability density functions 

diameters of spheres were chosen from. E) The uncorrected scattering and F) Lorentz 

corrected scattering curves from these systems with locations of 10 and 22 nm marked on 

the frequency axis. G) The Chord Length Distribution, with the diameters marked. 
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Figure 3.3, a bimodal system with average diameters of 5 nm and 11 nm. The different 

scattering curves and the locations of the radiuses of the two dominant species of domains that 

are present in the system. As can be seen in Figure 3.4, each way of viewing scattering from 

the sample can be used to obtain rough ideas of the population densities of different size scales 

in the system, however as polydispersity is increased, the chord length analysis remains the 

most reliable method of reconstructing something approaching the true density function. 

The Chord Length Distribution (CLD) is defined as 

 
𝐶𝐿𝐷(𝑥) ≡

𝑑2

𝑑𝑥2
(∫ 𝑑𝑞 𝐼1(𝑞)𝑒−𝑖 𝑞∙𝑥

∞

0

) (18)  

Which has been shown [97] to be equivalent to 

 
𝐶𝐿𝐷(𝑥) =  ∑ (𝑙2𝑖−1(𝑥) − 𝑙2𝑖(𝑥))

∞

𝑖=1
 (19)  

Where 𝑙𝑖(𝑥) is the probability of starting at an interface and traveling through i-1 interfaces 

before ending on another interface. It is a combination of both phases, and so in high volume 

fraction experiments it is helpful to model 𝑙1(𝑥) first from a test morphology. Also, this means 

that the peaks are not readily turned into domain sizes for complex systems. Importantly, this 

measure 𝑙1(𝑥) is exactly the fundamental exciton diffusion length. This is exactly applicable 

to the measure of the linear distance an exciton or free charge has to move before hitting 

another interface, at least in a straight line.  
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To test the application of equation (18), we simulate a symmetric system, created by 

the often used and efficient Cahn-Hilliard approach [148-151]. In this system, each material is 

structurally identical, so concerns about the different chord length distributions for the two 

different materials are not relevant. We obtain 𝑙1(𝑥) by tracing random trajectories through the 

 

Figure 3-5 Chord Length in Symmetric System 

A) A two dimensional slice of the 3D spinodal decomposition. B) 3D isosurface of the same spinodal 

decomposition. C) The calculated first chord length distribution 𝑙1(𝑥) along with the calculated full CLD, 

and the square root of Lorentz corrected scattering pattern 𝐼1(𝑞) adjusted to real space and corrected for 

50% volume fraction to give the domain size, along with the “measured” CLD calculated from 𝐼1(𝑞). 
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three dimensional space, histogramming the distances between crossings of 50% contours. In 

this system, having no long range order and symmetric between phases. 𝑙𝑛(𝑥) = 𝑙1 (
𝑥

𝑛
). Thus 

we can calculate an effective CLD by summing sufficient (in this case 20) terms in equation 

(18). Comparing this result to the CLD calculated through the scattering simulation by equation 

(17), we get very good agreement, giving credence to the link between (17) and (18) and 

indicating that this is an important morphological characterization which is currently 

infrequently used even when apropos to the very measurement often desired. 

3.7 CONCLUSIONS 

Starting from basic scattering theory, we have shown the benefits of soft X-ray 

scattering on high volume fraction systems. We have derived the contrast function and showed 

that in the soft X-ray region, materials contrast can exceed vacuum contrast. We have tested 

and found practical limits of the Born Approximation in simplified systems, giving credence 

that this approach is correct. Using the Born approximation, Lorentz correction, and the CLD 

obtainable through derivatives of the auto correlation function, we show that statistically we 

can have very reliable correlation between the mean of the Lorentz scattering intensity and 

domain spacings and domain sizes. For more complicated systems, we delved into the CLD, 

comparing the information readily available from raw scattering, Lorentz corrected scattering, 

and the CLD, for determining populations of scatterers. Finally, we confirm the property of 

CLDs revealing the often critical information about the distances between interfaces. We hope 

that this work will aid the community in interpreting and presenting scattering data, and 

determining critical device-critical morphological characteristics. 
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3.8 SUPPLEMENTAL INFORMATION 

The morphologies created to compare in figure 3.3 were based on the following table 

of sample morphologies. Scattering patterns were simulated for each system at every volume 

fraction until the system failed to add any more cylinders. As it became impossible to add 

larger cylinders, the distribution of radii in the system became skewed towards smaller radii, 

but at every step, the actual mean domain size and spacing was calculated from the actual 

cylinders in the system, not the distribution by which the radiuses were picked, so this skewing 

did not influence the final correlation. Each distribution was calculated three times, with 

exclusion zones of 1.1, 1.4, and 1.7 times the diameter. This disallowed future cylinders from 

being placed that distance from the each cylinder, forcing well-spaced cylinders. These 
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populations with extra excluded area could not reach the higher volume fractions, and so these 

resulted in the non monotonic deviations vs. volume fraction in all the fit parameters in figure 

3.4. 

Table 2 Volume Fraction Systems 

Population 1 Population 2  

Type Center Width Type Center Width Ratio of 

Populations 

Gaussian 8 0.1     

Gaussian 8 0.5     

Gaussian 8 2     

Gaussian 3 0.5     

Gaussian 5 0.5     

Gaussian 12 0.5     

Lognormal 8 0.1     

Lognormal 8 0.5     

Lognormal 8 2     

Lognormal 3 0.5     

Lognormal 5 0.5     

Lognormal 12 0.5     

Gaussian 5 0.1 Gaussian 11 0.1 1 

Gaussian 5 0.5 Gaussian 11 0.2 1 

Gaussian 5 0.5 Gaussian 11 0.5 1 

Gaussian 5 1 Gaussian 11 1 1 

Gaussian 5 2 Gaussian 11 2 1 

Gaussian 5 1 Gaussian 11 1 2 

Gaussian 5 1 Gaussian 11 1 5 

Gaussian 5 1 Gaussian 11 1 0.5 

Gaussian 5 1 Gaussian 11 1 0.2 
 

All of the systems simulated to produce Figure 3.3. The above the parameters of the probability 

distribution from which cylinders were added to the system. Centers and widths refer to the 

center and sigma (or log sigma) of the distribution in radius. 
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A MODEL FOR SYMMETRY BREAKING AT INTERNAL 

HETEROINTERFACES EXPLAINS ANISOTROPIC RESONANT X-RAY 

SCATTERING FROM ISOTROPIC ORGANIC SYSTEMS  

This chapter is a prepared manuscript on the first systematic theory to explain 

anisotropic scattering which changes with the polarization of the incident x-rays from 

isotropically created samples. In January 2011, I collected the initial anisotropic scattering 

pattern which lead to our 2012 Nature Materials paper. In that paper, we proposed that the 

scattering might come from interface alignment, but we showed no rigorous theory of how that 

scattering signal could come about. Since then, I have been working on the theoretical backing 

which has resulted in this paper. Brian Collins collected and calculated the anisotropic optical 

constants which were needed for the calculations. John Tumbleston and Harald Ade helped 

with the conception of this project. Maolong Tang wrote the basic Lattice Boltzmann 

simulation code that was used in the creation of that particular morphology. Finally 

Subhrangsu Mukherjee calculated the aligned optical constants from DFT for comparison to 

those calculated from experiment by Brian Collins. I designed and wrote the scattering 

simulation, the alignment Monte Carlo, and the morphology creation codes, and conceived of 

all of the systems to be presented and compared in this paper. 
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A Model for Symmetry Breaking at Internal Heterointerfaces Explains Anisotropic Resonant 

X-ray Scattering From Isotropic Organic Systems 
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4.1 ABSTRACT: 

Several thin film systems consisting of spincast all-polymer and polymer-fullerene 

blends have been observed recently to have anisotropic scattering when probed near the carbon 

1S absorption edge with polarized soft X-ray scattering. This anisotropy in otherwise isotropic 

samples must require a breaking of isotropic symmetry, but no model for the required local 

symmetry breaking has been explored. We investigate how the uniaxial optical and 

organizational properties of conjugated polymer samples can produce this scattering 

anisotropy. We simulate four binary, thin film systems with near equal volume fraction of 

components: spheres in a matrix, cylinders in a matrix, spinodal decomposition of two 

materials, and a fibril-type network. Using a combination of techniques to generate these 

disordered morphologies, we use a Monte Carlo relaxation algorithm to propagate alignment 

from the interfaces into the bulk of one of the materials. Then using uniaxial optical constants 

of the polymer poly(3-hexylthiophene) (P3HT) and the radially symmetric optical constants of 
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the small molecule C60 based fullerene [6,6]-phenyl-C61 -butyric acid methyl ester (PCBM), 

we simulate the anisotropic scattering intensities. We compare the results in several forms both 

two and single dimensional cuts, revealing a rich new measurable parameter which allows for 

new details of the interface alignment, molecular orientation, and morphology to be measured. 

4.2 INTRODUCTION 

It has been reported recently [1, 79, 144] that a globally isotropic mixture of polymers 

when spun cast, can produce an anisotropic scattering signal when probed by polarized X-rays 

at certain energies. Rather than a more common symmetry breaking produced by an external 

angular dependent source including substrate templates, surface energy effects at the substrate 

or free surface, or a unidirectional application or processing technique, this observed 

anisotropy changes depending on the electric field polarization of incident resonant X-rays. 

Thus, it was proposed that the breaking of symmetry must be from molecular alignment, 

templated by otherwise isotropic morphological features. Interfaces between separated phases 

are a natural source of the necessary symmetry breaking [1, 144]. Another view is that fibril 

morphology accounts for anisotropy. We will examine these two possibilities as well as 

showing random molecular alignment without morphological templating does not lead to 

anisotropic scattering. In the same way that second harmonic generation [152] can ensure 

interface sensitivity because that is the location of symmetry breaking, we develop criteria to 

recognize anisotropy driven from interfacial interactions from that produced in the bulk. We 

will show that by analyzing the anisotropic signal, we can distinguish between these sources, 

and learn details about the structure at the interface.  
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The difference between anisotropic and non-anisotropic signal may even solve the 

problem posed by Babinet’s principle, i.e. to identify which material is in the dispersed and 

which is in the matrix phase in an asymmetric structure [153]. However, until now, there has 

been no effort at modeling the mesoscale structure of these systems to link the measured 

anisotropic signal to morphology quantitatively. For these devices, interfacial alignment is 

likely critical to device performance due to anisotropic charge transport and molecular orbitals 

[154]. So a quantitative theory of the nanostructure that leads to anisotropic scattering, if 

indeed indicating average molecular alignment near material interfaces, is important to both 

quantify system morphology, and improve system performance. 

This paper presents and compares several methods of simulating and analyzing scatter 

from aligned systems. Our model is a combination of two procedures, first generating 

morphologies of material compositions through various methods, followed by a Monte Carlo 

relaxation algorithm which propagates alignment from the interface into the bulk of one of the 

components. Conjugated polymers, like those studied in this work, are uniaxially anisotropic 

largely both in their spectroscopic properties [155, 156] in the x-ray regime and in their 

organizational packing [157]. Because of this concurrence, the morphology as influenced by 

packing, likely correlates with refractive properties. We simplify the full tensor form of the 

statistical alignment and thus refractive index to a vector representing the preferential 

alignment (𝑠 ), and a scalar representing the relative material composition at that point (Φ). The 

axis of these uniaxial polymers when coarse grained is defined by the carbon core 1S to pi* 

orbital transition dipole moment (TDM). These molecules also commonly stack in this 

direction, called 𝜋-𝜋 stacking. The direction of the TDM is called the “face” of the molecule, 
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so when the TDM is aligned towards a direction of interest (i.e. an interface or surface), it is 

said to be “face-on” whereas all other orientations are “edge-on”. The terminology is useful, 

however, hereafter in this work, if not specified it is understood that the polymer is oriented 

face-on or edge-on with respect to the internal material-material heterointerface, not to either 

the film-substrate or film-air surface, as these terms may be commonly used. 

The materials used in these simulations are P3HT and PCBM, because this system is 

widely used [80] and both components are well studied. Although the specific simulations here 

presented here are limited to systems composed of these commonplace materials, the general 

richness of anisotropic behavior should be expected with any polymer system that forms 

similar morphologies, and the methods presented will apply equally well to complex systems 

when multiple components each have their own alignment behavior. 

4.3 MORPHOLOGY MODELING 

As discussed above, our model coarse-grains the polymer mixture onto a lattice of 

relative material composition and preferential molecular alignment. Each point in space is 

characterized by a scalar (Φ𝑖) for each material 𝑖 representing relative composition and a vector 

(𝑠 𝑖) representing the preferential statistical alignment of the transition dipole moments of that 

material. The total composition Φ = ∑Φ𝑖 ≅ 1 and Φ𝑖 and |𝑠 𝑖| are constrained to be less than 

1 and positive. 𝑠 𝑖 is a director field because of the symmetry of the dipole moment, so that 𝑠 𝑖 =

−𝑠 𝑖. Morphologies are completely determined by Φ𝑖(𝑟 ), and are calculated by a number of 

methods described below. Alignment maps 𝑠 𝑖 are calculated subsequently by a Monte Carlo 

method, except for the fibril morphology, in which both morphology and alignment are created 

in the same step.  
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We pick several common morphologies in this study. All are modeled in three 

dimensions in a thin film morphology, on grids with dimensions of 2,560 nm X 2,560 nm x 

(80, 120, 160 or 240) nm. The voxel size is 5 nm meaning the number of grid points is 512 x 

512 x (16, 24, 32 or 64) voxels. This simulation size is adequate to model the real resolution 

and coherence limit of soft x-ray scattering beamlines [79] on realistically scaled thin films. 

X-rays will be simulated with the incoming �⃗�  perpendicular to the thickness of the film, 

modeled on the usual arrangement for thin film P-SoXS experiments. [1] 

 

Figure 4-1 Morphologies 

Figure 1 Averages of the relative material composition along the path of the X-rays 

for the four thin film morphologies: A) Cylinders aligned with the path of X-rays 

B) Spheres C) a Spinodal demixed blend and D) fibrils, which are modeled as 

cylinders generally aligned in the plane of the thin film. Inset are 3D renderings of 

the composition. 
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First we create a three dimensional system of cylinders (Figure 4.1A). The cylinders 

are placed randomly on the a 2D grid perpendicular to film thickness. Each cylinder radius is 

chosen from a log normal distribution with a center at 25 nm and width of 10 nm. Placement 

of each cylinder is constrained to not overlap with previous cylinders with an exclusion zone 

of 10% of the radius. Cylinders were continually placed until 30% of the volume consisted of 

cylinder dispersions. This morphology, depicted in figure 4.1 is consistent with thin-film 

systems where two-dimensional real space techniques reveal circular domains [12] which may 

extend through the thickness of the device. We next create a system of random spherical 

dispersions by sequentially adding non-overlapping spheres, with radius chosen from a log 

normal distribution, to a 3D system until 30% volume fraction is achieved, depicted in Figure 

4.1B. The width of the log normal distribution of radiuses for spheres is 5 nm, compared with 

10 nm for the cylinders, which makes the volume distributions of the two systems more 

comparable. Next, we create a bicontinuous or symmetric materials phase (Figure 4.1C) by use 

of a Lattice Boltzmann method (LBM). LBM was developed from lattice gas automata [158] 

overcoming some defects in that earlier method. LBM is commonly used to accurately 

calculate computational fluid dynamics. The governing equation of CFD, Navier-Stokes, can 

be completely recovered by LBM [159, 160]. It has also been proven that LBM can be directly 

derived from the Boltzmann equation [161], providing a robust physics foundation. 

Interactions between multiple components and phases with different properties can be 

accurately and efficiently calculated [162-164], so LBM is an ideal method for spinodal 

decomposition [165]. Finally, we model a fibril-like network of polymer crystallites. It is well 

known that the fibril axis is along the 𝜋∗ transition dipole moment of the polymers [36, 166]. 
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Thus, the system consists of largely in-plane cylinders, as depicted in Figure 4.1D. As only a 

portion of the material is known to crystallize, the matrix phase is a mixture of amorphous 

polymers and fullerene [21, 23, 34, 167-169]. The system as a whole is constrained to have a 

50% volume fraction. Each of these systems described are depicted in thin film projection and 

(inset) three-dimensional representation in Figure 4.1. 

4.4 CALCULATING OPTICAL CONSTANTS 

Anisotropic optical constants are calculated from absorption spectroscopy of pure 

components. Optical constants from perfectly aligned materials cannot be experimentally 

collected for these largely disordered materials, but rather must be extrapolated from 

experimentally collected spectra. First absorption spectra are collected at the “magic” angle of 

54.7° from the normal to a spincast thin film. This angle is where contributions between any 

in-plane or out-of-plane preferential alignments are balanced, so that, as long as there is no 

other preferential alignment direction, the faces of the molecules are on average 1/3 aligned 

with the electric field and 2/3 are unaligned. This magic angle measurement is thus a measure 

of the perfectly isotropic molecule. This assumption is typically valid in spincast systems, 

where the only preferential direction is normal to the surface, and so any macro scale 

preferential alignment must be either along or perpendicular to this direction.  

At normal incidence, the spectroscopic signal changes significantly, particularly at the 

P3HT C1S to 𝜋* TDM peak near 285 eV. Although we have no knowledge of the absolute 

fraction of face-on molecules that are aligned along the polarization vector at this orientation, 

all that is required is that we can quantify the difference between the normal-incidence signal 

and the unaligned, magic angle signal. Using this difference, we linearly extrapolate from the 
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isotropic spectra until the pi* peak is very close to completely gone, i.e. When the TDM has 

no overlap with �⃗� . This linear extrapolation is valid in the case of uniaxial symmetry and 

roughly flat conjugation present in these conjugated systems [155, 156]. 

This set of optical constants, with the pi* peak reduced to nearly zero, we call the 

perpendicular optical constants or ( 𝛿⊥𝑖(𝜆), 𝛽⊥𝑖(𝜆)) because the 𝜋∗ dipole moment is as close 

as possible to perpendicular to �⃗� . Comparing these optical constants with the magic angle 

optical constants we extrapolate back in the opposite direction twice the factor that was needed 

to remove the 𝜋*peak, and obtain the 100% aligned optical constants( 𝛿∥𝑖(𝜆), 𝛽∥𝑖(𝜆)). All of 

these optical constants are shown in Figure 4.2.  

 

 

Figure 4-2 Optical Constants and Contrasts 

Figure 2 A) Optical constants, the real part (𝛿), and the imaginary part (𝛽) of the index 

of refraction (𝑛 = 1 − 𝛿 + 𝑖𝛽), measured and calculated at different angles relative to 

the polarization axis of incident X-rays. Inset is calculation of parallel and perpendicular 

𝛽 for comparison and a drawing of the P3HT molecule B) Scattering contrasts calculated 

between different components in a P3HT PCBM film with molecular alignment of 

P3HT. 
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4.4.1 CALCULATING OPTICAL CONSTANTS FROM DFT 

We confirm the validity of these results by comparing them with simulated optical 

constants obtained by density functional theory (DFT), shown in Figure 4.2A inset. The 

equilibrium geometry for P3HT was determined by molecular mechanics using a universal 

force field [170]. The X-ray absorption spectra (C and N 1s) of the molecule were calculated 

by DFT with the computer code StoBe [171]. For the purpose of our calculations, we used all-

electron triple-ζ valence plus polarization (TZVP) atomic Gaussian basis sets for carbon and 

sulfur centers, while the hydrogen basis sets were chosen to be of the (311/1) type [172]. To 

calculate x-ray absorption spectra, the Slater transition state method was applied [173]. In this 

case the optimized geometry obtained from the geometry optimization calculation was kept 

fixed and polarization and angle dependent absorption spectra were calculated. In order to 

obtain an improved representation of relaxation effects in the inner orbitals, the ionized center 

was described by using the IGLO-III basis [174]. A diffuse even-tempered augmentation basis 

set was finally included at the excitation center to account for transitions to unbound 

resonances. The absorption spectra were generated through a Gaussian convolution of the 

discrete spectra with varying broadenings.  

Having these optical constants, we can calculate the respective binary contrasts 

between each of the potential components in the thin film, shown in Figure 4.2B. These will 

be useful in understanding the anisotropic scattering signals in the following sections. 

4.5 CALCULATING ALIGNMENT DENSITY 

A Monte Carlo method propagates alignment from the interfaces into the material. The 

spatial gradient of composition is used to determine the interfaces in the system. We define an 
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energy cost to be differently aligned from this gradient, a cost to be differently aligned from 

nearest neighbors, and an entropic energy cost of having any preferential alignment. Creating 

an initial grid of very small random preferential alignment vectors for all points in space, the 

algorithm calculates the total energy of the configuration. A metropolis test applied to each 

alignment location to evolve the system forward. The Monte Carlo proceeds through the 

system, and after approximately 200 steps / grid location, an energy minimum can be reached. 

This results in a preferential alignment field 𝑠 𝑖(𝑟 ) (Figure 4.3A). 

4.6 SCATTERING SIMULATION 

Scattering simulation is done by first turning the scalar material composition field and 

vector preferential alignment field (Φ𝑖(𝑟 ) , 𝑠 𝑖(𝑟 )) created by the model into an index of 

refraction map 𝑛(𝑟 , 𝜆, �̂�) at each X-ray incident energy and polarization �⃗�  (depicted in Figure 

4.3B). First the composition of each element that is parallel �⃗�  (Φ∥𝑖(𝑟 )) is found 

 Φ∥𝑖(𝑟 ) = Φ𝑖(𝑟 ) (𝑠 𝑖(𝑟 )  ∙ �⃗� +
1

3
(Φ𝑖(𝑟 ) − |𝑠 𝑖(𝑟 )|)) (1)  

The second term in (1) comes from the amount of material randomly aligned in any 

given direction within the unaligned portion of the material. For example in a system with no 

preferential alignment (i.e. 𝑠 𝑖(𝑟 ) = 0) one third of the transition dipole moments are aligned 

with �⃗�  regardless of its direction and at the other extreme, a system perfectly aligned in any 

direction, this second term is zero as |𝑠 𝑖(𝑟 )| = Φ𝑖(𝑟 ). 

The remaining population of molecules whose TDMs are not aligned with the 

polarization vector are calculated 

 Φ⊥𝑖 (𝑟 ) = Φ𝑖(𝑟 ) − Φ∥𝑖(𝑟 ) (2)  
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And the effective index of refraction map for each point on the grid and for each 

wavelength (𝜆) is calculated 

 𝑛(𝑟 , 𝜆, �̂�) = 1 − ∑Φ∥𝑖(𝑟 )(𝛿∥𝑖(𝜆) − 𝑖𝛽∥𝑖(𝜆)) + Φ⊥𝑖(𝑟 )(𝛿⊥𝑖(𝜆) − 𝑖𝛽⊥𝑖(𝜆))

𝑖

 (3)  

The 3D index of refraction map (the imaginary part of which is depicted in Figure 4.3C) 

is then transformed into spatial frequency (q) or Fourier space by the Born approximation. 

Depicted in the inset of Figure 4.1A. 

 𝐼(𝑞 , 𝜆, �̂�) ∝  |∫𝑛(𝑟 , 𝜆, �̂�)𝑒𝑖 �⃗� . 𝑟⃗⃗ 𝑑𝑟 |
2

 (4)  

This produces the full three dimensional q-space representation of possible scattering. 

The experimental x-rays are modeled to be along the axis perpendicular to the film, which we 

define as the x axis. Thus the wave vector if the incoming X-ray beam �⃗�  is. 

 �⃗� 𝑖𝑛 =
2𝜋

𝜆
�̂� (5)  

The Ewald sphere construction intersects 𝑞 -space at the origin. The surface of the 

sphere in 𝑞  space measures the Intensity of each point that matches  

 �⃗� 𝑜𝑢𝑡 = �⃗� 𝑖𝑛 + 𝑞  (6)  

With the condition of elastic scattering being 

 𝑘 ≡ |�⃗� 𝑖𝑛| = |�⃗� 𝑜𝑢𝑡| (7)  

Thus, the elastic scatter forces the condition 

 𝑞𝑥 =  𝑘 − √𝑘2 − 𝑞𝑦
2 − 𝑞𝑧

2 (8)  

So the intensity measured at a pixel location corresponding to a 𝑞𝑦 and 𝑞𝑧 (a qx and qy 

grid is shown in the Figure 4.2D) measures 
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 𝐼(𝑞𝑦,𝑞𝑧 , 𝜆, �̂�) = 𝐼 (𝑘 − √𝑞𝑦
2 + 𝑞𝑧

2 − 𝑘2, 𝑞𝑦 , 𝑞𝑧 , 𝜆, �̂�) (9)  

4.7 TWO DIMENSIONAL SCATTERING PATTERNS 

Using (9), we simulate a two dimensional scatter pattern as measured by the 

experiment, shown below in Figure 4.3 for the spheres with thin face-on alignment in the 

matrix phase, along with a 3D representation of a portion of the sample showing visually 

equation (1) and the results of equation (9). The scattering intensities are splotchy because this 

treatment mimics a perfectly coherent beam, meaning the scattering pattern is speckled [175]. 

 

Figure 4-3 Scattering Patterns 

Figure 3 A) a 3D director plot of 𝑠 (𝑟 ) in P3HT surrounding red isosurface of P3HT 

domains. B) a schematic of the electric field of the incoming X-ray beam which with 𝑠 (𝑟 ) 

from equation (1) can be used to calculated C) 𝑛(𝑟 ) (the imaginary part of n is shown as 

semitransparent isosurfaces surrounding the same PCBM domains as pictures in A. Green 

isosurfaces are higher 𝛽 while purple isosurfaces are lower 𝛽 than the surrounding P3HT 

medium. D)-K) are two dimensional scatter plots calculated from 𝑛(𝑟 ) and equation (4) 

and (9). The electric field is horizontal in all cases. J) a reproduction of Figure 4 from a 

publication by Collins et al. in Nature Materials 2012 [1] for comparison to the simulated 

scattering patterns. 
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Much of the speckle has been removed from the displayed data by applying a Gaussian filter 

with sigma of . 01 𝑛𝑚−1 to the 2D pattern. A beamstop is simulated to block the scatter at 

|𝑞 | < .01, which is a conservative estimate of the amount of scatter obtainable in a single 

exposure [79]. 

Comparisons between the patterns (Figure 4.3) and the contrasts (Figure 4.2) reveal the 

sources of anisotropy. In all simulations, �⃗�  is horizontal. At 260 and 320 eV all contrasts are 

low, but particularly the contrasts between the different alignments of P3HT reduce faster than 

the contrast between any of the P3HT (aligned or not) and PCBM. 284 eV has the maximal 

contrast between PCBM and all alignments of P3HT, and accordingly, the scattering both 

parallel and perpendicular to the electric field is the highest at this energy, although the 

perpendicular alignment contrast and scattering is higher than parallel. At 285 eV, an 

previously unreported phenomenon is observed. At this energy, contrast between unaligned 

P3HT and PCBM goes to zero, leaving only the contrasts involving the aligned portions of 

P3HT to contribute to scattering. Here, although the contrasts are similar in magnitude, they 

are not in the same direction. The imaginary parts of the indices of refraction both have large 

differences at this energy, but in the opposite direction from PCBM. This results in the material 

aligned parallel with the beam and the material aligned perpendicular are highly scattering, but 

the material in between the two has low contrast with both the PCBM dispersion and unaligned 

P3HT core. This results in almost four-fold symmetric pattern in the scattering map, rather 

than the usual two-fold symmetry at other energies. At 289 eV there is only one major contrast 

in the system, between parallel P3HT and PCBM, and this produces the cleanest anisotropic 

signal, (and the maximum of anisotropic signal as shown in Figures 4.7 and 4.8 below).  
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Comparing these results to the previously published experimental results [1] is 

possible, although only qualitatively. The system in question was composed of different 

materials, with different NEXAFS spectra than the system modeled, and so particular energy 

dependence of features we see here are not applicable. So while an energy to energy 

comparison of the simulation and previous result cannot be accomplished, qualitative 

comparison of the scattering patterns is possible. The scattering pattern from the experiment 

most closely resembles the simulated scattering pattern at 284 eV so it is likely that a similar 

index of refraction distribution produced both patterns. 

We can create a few rules of thumb from this simulation. When compositional contrasts 

between all elements are high, a scattering pattern similar to 284 eV is expected. If a single 

orientation has much higher contrast with the other material than other combinations, then a 

scattering pattern similar to 289 eV should be expected. When both anisotropic contrasts are 

large and in the opposite direction of each other, then we expect to observe a four-fold 

symmetric pattern similar to 285 eV.  

4.8 AZIMUTHAL SYMMETRIES 

To explore the azimuthal symmetries in depth not easily seen in the 2D scattering 

patterns, particularly to distinguish between morphologies and different types of alignments, 

we present azimuthal plots of intensity vs. radial momentum transfer. Figure 4.4 shows face-

on alignment and Figure 4.5, edge-on alignment, at the same energies discussed above, 284 

eV, 285.1 eV, and 289 eV for spinodal and spherical systems. 
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There are several interesting trends to note from reducing the full two dimensional data 

sets in this way. It should be noted that each of these scattering patterns in an experiment will 

likely be in combination coherently or incoherently with other sources of scatter including 

mass thickness variations, which will add essentially a constant flat (isotropic) background 

when plotted as in Figures 4.4 and 4.5. Thus the lower intensity anisotropic features are likely 

to be difficult to measure. All plots have the y axis logarithmically scaled, so nearly sinusoidal 

signals (such as fibrils at 284 eV) may not appear sinusoidal by eye.  

 

 

Figure 4-4 Scattering vs. Azimuth Angle – Face-on 

Figure 4 Lorentz-corrected scattering vs. azimuth angle at different momentum transfers for 

Face on alignment. Graphs in the same columns are of the sample labeled above the column, 

from left to right, spinodal decomposition with alignment extending 50 nm from the interface, 

spinodal decomposition with alignment extending 15nm from the interface, Spheres with 

alignment extending 15nm from the interface, and spheres with alignment extending 15nm 

from the interface. Rows are at (from top to bottom) 284 eV, 285.1eV, and 289 eV. Azimuthal 

angle is relative to the incident X-ray E-Field. 



96 

First, the general differences between 284 eV and 289 eV appear to be a phase shift of 

90 degrees for all the samples. The phase of the signal at 284 eV is generally indicative the 

alignment, face on resembles a sin wave generally, whereas edge on anisotropies resemble 

cosines. This relationship flips at 289 eV however, the differences between 284 eV and 289 

eV are not a simple phase shift. In general, at 289 eV the troughs of the anisotropic signal are 

flattened out, and in the spinodal morphologies even slightly peaked. 

Differences between the different morphologies are easiest to pick out in the q 

dependence of anisotropy. For the spinodal samples, the higher intensities, lower q values have 

the lowest apparent anisotropy, while the higher q values have increasing anisotropies. Spheres 

 

Figure 4-5 Scattering vs. Azimuth Angle – Edge-on 

Figure 5 Lorentz-corrected scattering vs. azimuth angle at different momentum transfers for 

Edge on alignment. Graphs each column are from left to right, spinodal decomposition with 

alignment extending 50 nm from the interface, spinodal decomposition with alignment 

extending 15nm from the interface, Spheres with alignment extending 15nm from the 

interface, spheres with alignment extending 15nm from the interface, and Fibrils with 

alignment throughout the fibril along the fibril axis. Rows are at (from top to bottom) 284 

eV, 285.1eV, and 289 eV. Azimuthal angle is relative to the incident X-ray E-Field. 
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have generally similar anisotropies at different q values, while fibrils have essentially identical 

anisotropy at every q value. 

285.1 eV is a generally very useful energy to distinguish all the different morphologies 

and the kind of alignment. Particularly interestingly, this energy clearly distinguishes a fibril 

structure from other edge-on morphologies. 

4.9  LORENTZ CORRECTED SCATTERING PATTERNS 

 Mirroring the analysis done in experiments, we further reduce the 2D data to one-

dimensional profiles in momentum transfer, Lorentz correcting to correct for all the area of q-

space which were not captured by intersection with the Ewald sphere. This follows from the 

fact that although the scattering pattern is anisotropic, the sample itself is isotropic. The same 

scattering pattern could, in principle, be collected upon rotation of the sample to arbitrary 𝜃 

and 𝜙 (although it may be experimentally impractical because the thin film allows scattering 

easily only with the beam close to normal to the film). To represent a 1D projection of this 

intensity vs. q, integrating around the sphere of Fourier space is necessary. 

 𝐼1(𝑞, 𝜆, �̂�) =  ∫ 𝑑𝜙 𝑞 sin (𝜃) 
𝜋

0

∫ 𝑑𝜃 𝑞
2𝜋

0

𝐼(𝑞, 𝜃, 𝜙, 𝜆, �̂�) = 4𝜋 𝑞2 𝐼(𝑞, 𝜆, �̂�) (10)  

𝐼1(𝑞) for non-resonant scattering from every model system is shown in Figure 4.6. The 

benefits of Lorentz scaling include it being straightforward to compare different frequency 

components present in the system, in a representation that matches the PSD calculated by real-

space microscopies [176]. It does not overly favor low frequencies, and is representative of the 

total number of scattered photons in space. This form would be Fourier transformed back to 

real space to calculate a one-dimensional correlation function, or integrated to calculate a 
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scattering invariant. Viewing the scattering in this way often presents more directly 

interpretable information. 

As a note, concerns about the combination of shape (form factor) and size (structure 

factor) commonly associated with Lorentz corrections are not a concern in systems of these 

 

Figure 4-6 Azimuthally Reduced Scattering 

Figure 6 Lorentz-corrected azimuthally integrated scattering profiles of A) a fibril network 

calculated only in the Edge-on orientation, as the crystal growth only allows for this 

orientation. B) 15 and 50 nm thick alignment in face-on and edge-on orientations in a 

Spinodal decomposition. C) Spheres and D) cylinders with the same parameters, are 

additionally created with the aligned polymer in both the matrix and dispersion phase. 
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high volume fractions. The structure factor and form factor are both present but both contribute 

to the peak. This is easily seen in the spinodal decomposition case, when the form and structure 

factor are conceptually the same. In dispersive cases, as the volume fraction increases, the 

chord lengths within a dispersion become comparable to those in the matrix, and so treating 

the two as separate populations is no longer possible.  

The scattering patterns shown in Figure 4.6 show the insensitivity of non-resonant 

scattering to the alignment properties, but only the density differences between which material 

is the dispersion or matrix. However, all of the scattering patterns in Figure 4.6 are largely even 

similar amongst the different morphologies, meaning that even the precise morphology is not 

clear from the reduced scattering pattern by itself. The insets in Figure 4.6 are meant to give 

an idea of the morphology, all of the alignment maps for every morphology is presented in the 

supplemental information. 

4.10 CALCULATING ANISOTROPIC SIGNAL 

To examine in detail the anisotropy in all of the different morphologies at once, we 

calculate a one dimensional anisotropic signal 𝐴(𝑞, 𝜆, �̂�). Scattering patterns are calculated for 

each sample morphology at energies from 260 eV to 320 eV in 0.1 eV steps and 𝐴(𝑞, 𝜆, �̂�) is 

calculated from 20 degree sectors parallel and perpendicular to the vector of the electric field 

polarization.  

 𝐴(𝑞, 𝜆, �̂�) =
𝐼1⊥(𝑞, 𝜆, �̂�) − 𝐼1∥(𝑞, 𝜆, �̂�)

𝐼1⊥(𝑞, 𝜆, �̂�) + 𝐼1∥(𝑞, 𝜆, �̂�)
  (11)  

Which, because 𝐼1(𝑞, 𝜆, �̂�) > 0 from its definition (4) and (10)  

 −1 < 𝐴(𝑞, 𝜆, �̂�) < 1. (12)  
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𝐴 = 0 is an indication of isotropic signal, and deviations towards +/-1 indicate 

anisotropic scattering perpindicular or parallel to the polarization, respectively. Although 

looking at 20 degree sectors centered around 0 and 90 degrees does not capture all the 

information as shown in Figures 4.4 and 4.5, particularly the four fold symmetric patterns at 

281.5 eV, it is a simple way to reduce this very complex scattering pattern to a form that can 

be quickly computed and compared. Although the full 2D scattering patterns contains much 

more information, this reduction is sufficient to quickly see major differences between 

morphologies and alignment patterns. 
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Anisotropy vs. momentum transfer and X-ray energy is shown in Figure 4.7 (face-on 

orientations) and Figure 4.8 (edge on orientations) for the q-range 0.01 nm−1 to 1 nm−1 and 

energy range 276 eV to 294 eV. Figure 4.7 A-E have 15 nm of alignment, while G-K have 50 

nm of alignment in the same respective material systems. Figure 4.7F is a randomly aligned 

phase where the interfacial alignment energy in the Monte Carlo was set to zero, so only nearest 

 

Figure 4-7 Face On Anisotropy Maps 

Figure 7 Anisotropic Ratio vs. momentum transfer vs. X-ray energy maps A–E are 50 

nm of face-on alignment, while G–K are 15 nm of face on alignment for A,G) spinodal 

decomposition, B,H) Cylinders with the alignment in the matrix phase surrounding the 

cylinders, C,I) spheres with the alignment in the matrix phase surrounding the spheres. 

D,J) Cylinders with alignment phase in the dispersed phase inside the cylinders, and 

E,K) Spheres with the aligned phase inside the spheres. F) A spinodal decomposition 

system in which there is no entropic cost of alignment and the interface does not affect 

the alignment, resulting in no anisotropy. 
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neighbor alignment matters. This creates a model where nearest neighbor alignment is the only 

concern, and there is little entropic cost to full alignment.  

Figure 4.8A-G and G-K are the same Φi(𝑟 ) and alignment energies as in Figure 4.7, 

except in these Monte Carlo calculations, the energy of being aligned with the gradient at the 

interface is reversed, causing the lowest energy state to be perpendicular to the normal vector. 

This causes edge-on interfacial alignment, but because there are two ways to be edge on for a 

 

 

Figure 4-8 Edge-on Alignment 

Figure 8 Anisotropic Ratio vs. momentum transfer vs. Energy maps A–E) are 15 nm 

of edge-on alignment, while G–K are 50 nm of edge on alignment for A,G) spinodal 

decomposition, B,H) Cylinders with the alignment in the matrix phase surrounding the 

cylinders, C,I) spheres with the alignment in the matrix phase. D,J) Cylinders with 

alignment phase in the dispersed phase inside the cylinders, and E,K) Spheres with the 

aligned phase in the dispersions. F) A Fibril network system in which all the alignment 

is within and along the axis of the largely in-plane fibrils. 
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single way to be face on, the anisotropic signals are not merely the opposite of those shown in 

Figure 4.8. In addition, Figure 4.8F is the fibril network, which is in a sense exclusively edge 

on because of the fibril growth direction is along the pi-stacking direction. 

4.11 DISCUSSION 

The anisotropic patterns shown in figures 4.7 and 4.8 reveal that anisotropy can be a 

fingerprint of different morphologies. Changes in the bulk of the anisotropy vs. energy is a 

clear indication of the orientation at the interface of the heterojunction. In all cases, at ~284 eV 

(the strongest contrast between PCBM and all alignments of P3HT but particularly that 

perpendicular to the E-field) anisotropy is highest parallel for edge on alignments, and 

perpendicular for face on alignments. Just knowing the alignment at the interface can help to 

explain charge splitting and recombination as the anisotropy in optical constants also creates a 

similar anisotropy in charge transport properties [177]. 

Additionally, the changes in scattering between matrix and dispersed phases is evident, 

shown by a switching in anisotropy at about the peak of scattering intensity (i.e. the dominant 

spatial frequency in the system. The alignment in one of the phases breaks the symmetry and 

so also breaks Babinet’s principle. 

The thickness of the aligned portion of material itself seems to change the q dependence 

of the anisotropy patterns presented. The thicker alignment (the upper rows of the figures) 

results in stronger anisotropy at lower q values, closer to the location of the scattering peak. 

Thinner alignment layers change the falloff of the peak at higher q values. This might be 

interpreted as changing the effective roughness of the interface. The scattering pattern of a 

randomly aligned system shown in figure 4.7F shows no anisotropic signal. This illustrates 
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how the correlation between alignment and morphology is critically necessary to break the 

symmetry and produce anisotropic scattering. On the other extreme, the case of fibrils is 

interesting in that the morphology allows only one possible anisotropic signature in the system. 

The simplest anisotropic pattern, fibrils exhibits high anisotropy across all q ranges.  

Much of the energy dependence observed in Figures 4.6 and 4.7 is specific to our choice 

of P3HT and PCBM as the materials of interest. Different optical constants for different 

polymers will cause the details of the anisotropic maps to change, potentially dramatically, and 

so these alignment maps should not be used as a fingerprint for other material systems, but 

rather an indication of the variety of behavior to expect even in a relatively simple system. 

Increased understanding of crystal growth and alignment will also allow more complex 

treatment including moving beyond the uniaxial simplification in packing behavior as well as 

optical constants. A full tensor treatment of both alignment and optical behavior is a natural 

extension of this work. 

 

Figure 4-9 Homopolymer Anisotropic Signal 

Figure 9 The anisotropic signal for pure P3HT systems. A) Fibrils B) radially face on 

Spherules. The anisotropy is identical across the full energy range. 
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An interesting note is that the same calculations can be done for the single material 

P3HT (Figure 4.9). In this case, the anisotropic ratio is constant at all energies. This follows 

directly from the uniaxial supposition, because, although the contrasts between alignments of 

p3ht change, they all change linearly relative to each other, so that for instance, p3ht parallel 

to the electric field will always have twice the contrast with amorphous than p3ht perpendicular 

to the electric field. Thus a homopolymer system, if it exhibits anisotropy, will exhibit the same 

anisotropy at all energies. Of course, when other sources of scatter are included in the system, 

the anisotropy may be washed out relative to a background isotropic signal, but the anisotropic 

signal will not change signs above and below the edge as the simulations with P3HT and 

PCBM do. 

4.12 CONCLUSION 

We have presented a simple model to explain the anisotropic scattering patterns 

observed in organic systems with no morphological anisotropy. We show that templating 

morphology from a heterointerface, created either in the process of phase separation or 

nucleated realignment after phase separation has occurred explains the spontaneous breaking 

of symmetry in the scattering pattern. We show in three systems that interfacial alignment can 

explain a rich variety of anisotropic signals, and that that anisotropy can be used to gain new 

insight into the workings of important devices.  

Even showing that with the same materials, between the scattering patterns and 

anisotropic signals, a myriad of unique morphological information is available. While it is true 

that real-space information may guide the choice of model, details of the anisotropy present a 

unique ability to distinguish between otherwise difficult or impossible to distinguish 
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morphologies and alignments, and give new insight into internal workings of these important 

devices.  

We have identified several ways in which anisotropic signal originating from fibrils 

and interfacial alignment differ. Interfacial alignment in particular is important to many critical 

system properties. In the future, this model can be used to fit the level of alignment, give 

information about the depth of propagation into the bulk phase, and more details of the material 

specific morphology. In order to model these systems, anisotropic optical constants are 

necessary, and we present a simple model of calculating the extreme optical constants needed. 

We have presented criteria for using anisotropy to gain important insight into device 

morphology and molecular alignment, and we expect that these criteria will be useful in 

distinguishing between morphologies in these important systems. 

4.13 SUPPLEMENTAL INFORMATION 

Figures S1-S6 present the results of the Monte Carlo and details about all the simulated 

morphologies. 

Each morphology has a 3D director plot of alignment in 3 dimensions, and a two 

dimensional cut down the middle of the film, with alignment shown in the plane of the cut. If 

alignment is out of the plane of the cut, it is not shown. Thus for edge on morphologies, there 

are blank sections, which imply out of the plane alignment. In all cases, the aligned phase is 

P3HT, and the unaligned phase is PCBM, and alignment at the interface is set to full alignment 

along the direction of gradient. The exception is for the fibril sample, where creating the fibril 

and the alignment map was done in the same step, because alignment is always along the axis 

of the fibril. 
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Figure 4-10 Spheres Alignment Maps Matrix 

Figure S1 – Spheres with Alignment in the Matrix 

 

Figure 4-11 Spheres Alignment Maps Dispersion 

Figure S2 – Spheres with Alignment in the Dispersion 
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Figure 4-12 Cylinders Alignment Maps Matrix 

Figure S3 – Cylinders with Alignment in the Matrix 

 

Figure 4-13 Cylinders Alignment Maps Dispersions 

Figure S4 – Cylinders with Alignment in the dispersion 
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Figure 4-14 Spinodal Decomposition Alignment Maps 

Figure S5 – Sample morphology created by Lattice Boltzmann method of two 

symmetric phases demixing. 

 

Figure 4-15 Fibrils and Random Alignment Maps 

Figure S6 – Fibrils, with Alignment along the axis of the fibril 
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The noise in the cylinder sample (Figures S3 and S4) is exactly that, simulated noise in 

the concentration of each element. This simulates a slightly unstable system, where small 

amounts of one material are still present in the other. This is an effort to crudely simulate 

slightly miscible systems [21, 23, 167, 169]. This also creates small pockets of slightly random 

alignment, not associated with the interface. It was found that this added noise did not affect 

the anisotropic signal. 
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X-RAY CONTRAST VARIATION AND WAVE GUIDING REVEAL 

MESOSCALE STRUCTURE AT BURIED ORGANIC INTERFACES  

The following paper is a report prepared for Science. The goal of this project has been 

to develop GRSoXS, which we propose has the ability to look at buried interfaces and other 

internal thin film structure. It does this by a combination of GISAXS, and RSoXS, two 

relatively well established techniques which exploit different mechanisms, wave guiding and 

contrast variation, respectively. However no one had yet combined both of these effects at 

once. I collected the data Sept 2010 and July 2012 at the Advanced Light Source. The 

technique’s experimental procedure and theoretical model was all my own creation. The first 

data set suffers from much of the initial normalization trouble, (before the work that lead to 

the publication in Chapter 2) which was fixed by the time the second dataset was collected. 

The initial conception of using grazing incidence X-rays in resonant conditions to look at 

buried interfaces, came from my advisor, Harald Ade, and his then grad student Cheng Wang. 

However these early efforts never panned out, both because procedures and equipment did not 

yet exist. Jaewook Seok helped me create the first sample, giving me the idea of using a cross 

linked polymer to mold the interface. Anne Watson helped with the theoretical development, 

particularly by writing a prototype version of the fitting code. John Tumbleston and Hongping 

Yan aided me with the collection of optical constants which are used in all the calculations. 

Justin Cochran under the supervision of Michael Chabinyc created the OFET sample.  
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5.1 ABSTRACT: 

Internal thin film structures, particularly interfaces between different materials, are 

often critical to system properties and performance, but characterization of buried internal 

topography is typically unfeasible. Herein, we demonstrate Grazing Resonant Soft X-ray 

Scattering, a technique that measures diffusely scattered soft X-rays to selectively reveal the 

spatial frequency distribution of internal interfaces. Control of the electric field intensity 

throughout the depth of the film and scattering contrast between materials unambiguously 

identifies scattering from different sources. Specifically the selective measurement of the 

surface and buried interface show different topography and differing evolution upon annealing 

in the example of organic thin film transistors. The technique is demonstrated in two polymer-

polymer systems but is readily expandable to any thin film systems with elemental or chemical 

contrasts exploitable at absorption edges. 
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5.2 REPORT 

The properties and performance of thin films often stem from the physical morphology, 

particularly roughness and interdiffusion at interfaces between component materials [73, 178, 

179]. By their very nature scanning probe methods can only characterize exposed surfaces 

[180]. Microscopies of buried interfaces can be powerful, but are inherently local and require 

preparation of cross sections [51, 179]. Similarly limited are specular reflectivity methods as 

 

Figure 5-1 GRSoXS Compared to Other Techniques 

An Illustration showing the difficulty of measuring a buried internal interface by 

established techniques using a bilayer as an example. Red highlighted areas illustrate 

the locations of sensitivity. A) Many grazing-incidence probes can isolate the surface 

and probe the bulk, but cannot distinguish individual layers. B) With modification of 

the lower layer by deuteration, it is possible to probe a buried interface, but the contrast 

is fixed. D) Soft X-ray and neutron reflectivity cannot reveal in-plane correlation 

lengths (ξ) within a system. E) Using GRSoXS, the depth (z) of scatter can be 

determined by choice of X-ray Energy. 
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they lack sensitivity to the nature of the in-plane structure [73, 181, 182] (Figure 4.1D). 

Complementary alternatives are diffuse, off-specular scattering methods [139, 183-185]. These 

conventional scattering techniques, for example by varying the incident angle in conventional 

grazing incidence x-ray scattering [139], control field intensity distribution to enhance or 

suppress scattering from certain locations within a system. However, these techniques rely on 

fixed refractive properties of materials. X-rays for example rely on electron density differences 

[95, 96], which often provides insufficient and unchangeable contrast in systems of similar 

density or organic systems composed of similar populations of low Z elements [96, 97]. 

Neutrons, on the other hand gain contrast by neutron scattering length differences in materials 

(Figure 4.1C) which can gain interfacial contrast. Unfortunately the neutron scattering lengths 

are not tunable in situ, but require isotopic substitution to vary contrast [96, 186]. As an 

alternative, resonant X-ray probes have demonstrated large, selective and variable contrast 

(|Δ𝑛|2) where X-rays of different energies selectively probe specific combinations of materials 

[75, 76]. However, current resonant scattering methods have not utilized field strength 

modulation to reveal internal interface structure below the upper surface, rather only using 

surface sensitivity at absorption peaks [187, 188] or only studying bulk properties [12, 79]. 

The technique presented in this work, Grazing Resonant Soft X-ray Scattering 

(GRSoXS), successfully combines tunable contrast of resonant soft X-rays, [105, 108] and 

control of the electric field intensity (EFI) that occurs at grazing angles [139, 189] to gain 

specific sensitivity to internal interfaces many nanometers below an exposed surface. The EFI 

of a probe soft X-ray beam consists of nodes, antinodes and exponential decays in the sample 

as the reflected and transmitted amplitudes interfere and photons are absorbed. Contrast control 
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distinguishes particular material pairs by exploiting differences in the molecular environment 

of particular elements, in this case carbon. Contrast and EFI both strongly depend on the index 

of refraction 𝑛(𝑧) shown in Fig. 5.2A for two polymers near the carbon absorption edge. The 

simulated scattered amplitude (𝐴𝑠𝑖𝑚) of a given feature or structure in a film is, to first order, 

proportional to the materials contrast |Δ𝑛(𝑧)|2 (Fig. 5.2B) multiplied by the 𝐸𝐹𝐼 at a given 

depth (z), incident angle (𝜃) and X-ray energy (𝐸) (Fig. 5.2C) at that location.  

 𝐴𝑠𝑖𝑚(𝐸, 𝜃, 𝑧) ≡ |Δ𝑛(𝑧)|2 ∗ 𝐸𝐹𝐼(𝐸, 𝜃, 𝑧) (1)  

Conceptually this is the product of the amount of probe beam that reaches a location 

and the probability of scattering. Thus the simulation requires a model consisting of the 

constituent materials, layer thicknesses and approximate RMS roughnesses in the system. 

In order to validate the utility of GRSoXS, a bilayer sample was engineered to have a 

buried interface with a known RMS roughness and a designed dominant in-plane size scale ξ. 

A very thick substrate of polyethylene glycol was molded with the specific 𝜉 ≅ 35 nm and 

crosslinked (see SI for details). The top layer of poly (methyl methacrylate) (PMMA) was 

applied to the PEG and melted to ensure the film surface had a low RMS roughness and a much 

larger ξ than the buried interface. The two polymers of this system were chosen because they 
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are amorphous, with low bulk scattering and for ease of sample creation, not for high scattering 

contrast. Indeed, the spectra of the two materials are relatively similar (Fig. 5.2A), and the 

contrast (Fig. 5.2B) is correspondingly small compared to other material combinations (see 

 

Figure 5-2 PMMA/PEG Theory and Experimental Setup 

A) Real (𝛿) and imaginary (𝛽) part of the index of refraction for PMMA and PEG. Inset are 

molecular structures of (left) PEG and (right) PMMA B) Contrast (|Δ𝑛|2) for the top surface 

and interface. C) A 3D semitransparent isosurface plot of calculated EFI vs. energy, incident 

angle and depth for the PMMA PEG system. Isosurface values are 1% (yellow) – 100% 

(black) of the incident intensity. The slices of this space corresponding to the interface (at 

a depth of 400nm) and 2.5 degrees incident angle are outlined. Detailed 2D cuts are 

provided in the supporting information. D) Schematic of acquisition geometry with example 

raw scattering pattern and the PMMA PEG sample. The directly reflected X-rays are 

stopped by the beamstop, while the off specular scattering is captured in the 2D detector.  



117 

Figure S5G). The overall layout of the experimental and sample geometry is shown in Fig. 

5.2D. 

Figure 5.3A shows in-plane diffusely scattered 281.6 eV X-rays. By summing over the 

out-of-plane dimension (between the dashed yellow lines) and Lorentz correcting [97] we 

produce 𝐼1(𝑞), the distribution of in-plane spatial frequencies in Fig. 5.3B. 

The experimental fit in Figure 5.3B uses constituent Gaussians corresponding to a 

physical ξ that must scatter with the same spatial frequency distribution only changing 

amplitude 𝐴𝑒𝑥𝑝(𝐸, 𝜉) with energy. The success of the fit in capturing the scattering features 

and reducing them to a manageable parameter space is evident by comparison of the data and 

fit vs. energy in the lower panels of Fig. 5.2B. Significantly, the two dimensional data readily 

shows two distributions, associated with specific energy ranges, which directly indicate a 

connection to the only two sources of scatter this sample, the surface and the interface. 
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To unambiguously identify the corresponding source, 𝐴𝑒𝑥𝑝(𝐸, 𝜉) of the most prominent 

ξs from the fit (37 nm and 680 nm) are plotted vs. energy in Fig. 5.2C along with simulated 

𝐴𝑠𝑖𝑚(𝐸, 𝑧) from the surface and interface. The 160 nm Gaussian was found to have a similar 

 

Figure 5-3 PMMA PEG GRSoXS Results 

A) A normalized and background corrected exposure acquired at 281.6 eV at the high qxy detector 

location. B) 𝐼1(𝑞, 𝐸) and Fit. (top panel) A slice of 𝐼1(𝑞, 281.6 eV) and Gaussian components 

corresponding to four dominant ξs, at an energy where all size scales contribute. (middle panel) 

measured 𝐼1(𝑞, 𝐸) and (bottom panel) resulting fit C) 𝐴𝑒𝑥𝑝(𝐸, 680 nm) and 𝐴𝑒𝑥𝑝(𝐸, 37 nm) with 

scaled 𝐴𝑠𝑖𝑚(𝐸, 𝑧𝑠𝑢𝑟𝑓) and 𝐴𝑠𝑖𝑚(𝐸, 𝑧𝑖𝑛𝑡) calculated from equation (1). D) Measured and simulated 

interface sensitivity 𝑆(𝐸) calculated from equations (2) and (3). Error bars are calculated from 

normalization uncertainty (see SI for systematic errors in 282-284.5 eV range). C and D are displayed 

with energy on the y axis for direct comparison with the data in B. Dotted red and blue lines are guides 

to the eye where the interface and surface scattering are highest in energy and momentum transfer. 

Dashed black lines across the bottom of the figure separate energy regions where the surface or 

interface sensitivity dominate. 
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energy dependence, but lower intensity than the peak at 680 nm. Comparison of the 

experimental and simulated amplitudes allows definitive identification of dominant size scales 

at the surface and interface, 𝜉𝑠𝑢𝑟𝑓=680 nm and 𝜉𝑖𝑛𝑡=35 nm respectively. Because in this 

system, there are only two major sources of scatter, we define a measured and simulated 

interface sensitivity 𝑆(𝐸), as the percentage difference between amplitudes measured and 

simulated at the buried interface and top surface (Fig. 5.3D). 

 𝑆𝑠𝑖𝑚(𝐸) ≡
𝛾 𝐴𝑠𝑖𝑚(𝐸, 𝑧𝑖𝑛𝑡) − 𝐴𝑠𝑖𝑚(𝐸, 𝑧𝑠𝑢𝑟𝑓)

𝛾 𝐴𝑠𝑖𝑚(𝐸, 𝑧𝑖𝑛𝑡) + 𝐴𝑠𝑖𝑚(𝐸, 𝑧𝑠𝑢𝑟𝑓)
  (2)  

 𝑆𝑒𝑥𝑝(𝐸) ≡
𝐴𝑒𝑥𝑝(𝐸, 𝜉𝑖𝑛𝑡) − 𝐴𝑒𝑥𝑝(𝐸, 𝜉𝑠𝑢𝑟𝑓)

𝐴𝑒𝑥𝑝(𝐸, 𝜉𝑖𝑛𝑡) + 𝐴𝑒𝑥𝑝(𝐸, 𝜉𝑠𝑢𝑟𝑓)
  (3)  

To provide an informed comparison of the energy dependence between experiment and 

simulation, a scaling factor 𝛾 is found by scaling 𝐴𝑠𝑖𝑚 to the corresponding 𝐴𝑒𝑥𝑝 as in Fig. 

5.3C. While the energy and angular dependence can be simulated accurately, the scale factor 

𝛾 between amplitudes at the interface and surface must be set experimentally. Of interest are 

conditions such that 𝑆 ≈ ±100% (for example 𝑆𝑒𝑥𝑝(286.4 eV) ≈ 100%) where the interface 

and surface can be individually probed with high precision.  

To demonstrate the utility for GRSoXS to answer vexing questions related to electronic 

devices, a model bilayer relevant to OTFTs with poly(styrene) (PS), a gate dielectric, on top 

of poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno [3,2-b]thiophene) (PBTTT), a 

semiconductor, is characterized by following the methodology delineated above (see SI for 

raw GRSoXS data, as well as contrast and EFI calculations). Charge transport in OTFTs occurs 

solely at the interface between the semiconductor and the dielectric [5, 190]. The interface 

area, slope distribution, and molecular interdiffusion are critical to device performance, but 
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until now have not been measured directly and non-invasively in a completed or annealed 

bilayer. Measurements of the interface can guide control of its structure, potentially increasing 

performance.  

The energy dependence of scattering amplitudes, (analog to Fig. 5.3C) are shown in 

Fig. 5.4A. Again, with these samples two distinct distributions are apparent, the surface 

consists of size scales at 1.3 µm and 850 nm, while the interface has both 35 nm and 90 nm 

size scales. For this sample, 𝑆𝑒𝑥𝑝(𝐸) is calculated from the more prominent amplitudes where 

𝜉𝑖𝑛𝑡=35 nm and 𝜉𝑠𝑢𝑟𝑓=1.3 µm and is shown along with the calculated sensitivity in Fig. 5.4B. 

 

Figure 5-4 GRSoXS Results for OFET Device 

A) 𝐴𝑒𝑥𝑝(𝐸, 𝜉) and scaled 𝐴𝑠𝑖𝑚(𝐸, 𝑧) for the PS/PBTTT sample B) 𝑆𝑒𝑥𝑝(𝐸) and 𝑆𝑠𝑖𝑚(𝐸) 

for the PS/PBTTT sample C) 𝐼1(𝑞, 𝐸𝑖𝑛𝑡) and 𝐼1(𝑞, 𝐸𝑠𝑢𝑟𝑓) before and after annealing. D) 

For clarity, a 3D illustration of the surface sensitivity at 285.5 eV when X-rays cannot 

penetrate further into the sample than ~10 nm and probe surface length scales, and E) 282 

eV where the top surface is minimally scattering, leaving the signal from the interface 

maximized. 
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The higher degree of agreement between measured and simulated sensitivity and lower noise 

compared to Fig. 5.3D is due to greatly improved facility operating procedures for the later 

acquired PS/PBTTT data, leading to improved intensity normalization. 

Because there are clear ranges of energies with high selectivity for the surface (at 285 

eV 𝑆<-98%) or interface (at 282 eV 𝑆 > 98%) we define 𝐸𝑠𝑢𝑟𝑓 = 285.5 eV and 𝐸𝑖𝑛𝑡 = 282 eV 

and can examine the detailed spatial frequency distributions, 𝐼1(𝑞, 𝐸𝑠𝑢𝑟𝑓) and 𝐼1(𝑞, 𝐸𝑖𝑛𝑡) 

respectively. Fig. 5.4C shows these distributions for the unannealed and annealed bilayer. The 

RMS roughness (proportional to the integrated 𝐼1) of the top surface increases significantly as 

the in-plane spatial frequency distribution stays largely unchanged. In contrast to this, 

𝐼1(𝑞, 𝐸𝑖𝑛𝑡) exhibits a complex redistribution of characteristic length scales upon annealing, on 

average increasing in size. Force microscopy measurements of PBTTT films have previously 

revealed that thermal annealing above the liquid crystal transition (~145°C) increases the 

domain size of terraced, topological features [191-193], which is consistent with our result, but 

it has also been shown that annealing of PBTTT bilayers leads to a different bulk domain size 

than observed for annealing of free surface [1, 3]. These results thus underscore the necessity 

of the direct in-situ measurement of the interface topography presented here. Future 

experiments can use dynamic measurements of 𝐼1 with 5 second resolution. The range of length 

scales presently probed by GRSoXS is also highlighted by Fig. 5.4C, with sensitivity spanning 

three orders of magnitude readily achievable.  

We have demonstrated the first use of GRSoXS to determine full in-plane spatial 

frequency distributions of buried polymer-polymer interfaces and measured the interface 

topography and its evolution upon processing in an OFET bilayer. A simple model matches 
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the measured amplitude of dominant spatial frequencies. Detailed structure-function relations 

can now be established for a wide range of thin film systems for which the buried structure 

critically determines function. The present work clearly illustrates the applicability to organic 

bilayer systems such as OTFTs and organic light emitting diodes [4], but the technique also 

has clear applications beyond planar interfaces, to examine detailed internal structure of bulk 

heterojunction type systems such as excitonic solar cells [11, 194]. There are numerous other 

systems with buried functional interfaces where optical properties at an absorption edge can 

be exploited. For example, complex transition metal oxide heterostructures have shown 

remarkably high-mobility 2D electron gas behavior [195, 196]. The origin of these 

observations is still debated and progress rests heavily on the ability to unambiguously 

establish the buried interface composition and structure Looking further toward emerging 

device architectures, new heterostructures based on combining different layered materials like 

graphene , hexagonal boron nitride, and MoS2 will require sensitive characterization of buried 

interfaces [197, 198]. We envision GRSoXS as an extremely versatile tool for establishing 

structure-function correlations at these device-relevant interfaces and devices in general. 
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5.3 SUPPLEMENTAL INFORMATION 

5.3.1 DATA ACQUISITION 

Vertically polarized soft X-rays with energies between 270 and 300 eV and bandwidth 

of ~.1 eV were scattered from the samples at a ~2.5 degree incident grazing angle at beamline 

11.0.1.2 at the Advanced Light Source [79]. This angle was chosen because it ranges from well 

below (at low energies) to well above the critical angle of the surface and balances intensity of 

scattering, which favors lower scattering angles, and depth penetration, favoring higher angles. 

The scattered intensity was measured from the direct specular reflection to 20 degrees in the 

plane of the sample by tiling three exposures of the 2D CCD detector and combining the 

resulting scattering patterns into a one dimensional cut of roughly 1 degree around the yoneda 

peak (Fig. 5.3A). The averaging over qz (out of plane momentum transfer) values in this cut 

was found to be irrelevant, as the in plane structure was the main source of scatter, meaning 

plots of qxy (in plane momentum transfer) at different qz values varied only by intensity, which 

indicates that the structure of the scattering is predominantly in-plane. This simplifies the 

analysis such that the correction for variation in the out of plane direction, as is common in the 

distorted wave born approximation, was not necessary. The variance of intensity vs. qz 

component of scatter is often also interesting [188], containing vertical depth information, 

however this information is also accessible through the more developed method of soft X-ray 

reflectivity, and so is not discussed here. The unique information we present is the in-plane 

structure in the off-specular direction.  
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5.3.2 PMMA/PEG BILAYER PREPARATION 

We produce an internal polymer-polymer interface by molding the lower layer, and 

setting its structure, then spin coating an upper layer of PMMA thick enough that the surface 

is relatively smooth. A suitable mold for the lower layer was found to be a thermally evaporated 

layer of Calcium Fluoride (CaF2) approximately 200 µm thick [199], which has an RMS 

roughness of 5 nm and a characteristic shape including a dominant lateral feature size of 37 

nm, illustrated in Fig. 5.2G and measured by Atomic Force Microscopy. A mixture of 

poly(etheylene glycol) diacrylate 84%, Trimethylopropane Epoxylate triaxcelate 15%, and a 

UV sensitive crosslinker 1% was drop cast on the thermally deposited Calcium Fluoride and 

exposed to a UV lamp for ~10 seconds producing a flexible ~1 mm thick solid film. This film 

was released from the substrate and the CaF2 was dissolved by water bath. The resulting film 

was vacuum dried for 24 hours after which, a ~400 nm thick PMMA film was deposited by 

spin coating in THF. The resulting bilayer was heated at 180°C (above the melting temperature 

of PMMA) for 24 hours, to smooth out any conformal type roughness at the top PMMA 

surface. The resulting surface roughness of bare substrate (with no PMMA spun on top), was 

measured with AFM to be ~5 nm RMS in height and ~35 nm in width, while the surface of the 

bilayer had a lower RMS height roughness (<1 nm) and a much larger lateral correlation length 

of ~1 µm (Fig. S1). As discussed below, the X-ray scattering on the bare cross-linked PEG 

substrate confirmed the same ~35nm in-plane length scale as measured by AFM and index-

matched x-ray scattering. 
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5.3.3 PS/PBTTT BILAYER PREPARATION: 

The OTFT samples are produced on substrates of ~500 μm thick N doped CZ Silicon 

<1-0-0> single side polished with 1-2 nm native oxide. Each substrate is cleaved to a 1.5 x 1.5 

cm size and cleaned via standard protocols. Polystyrene (PS) Mw = 400,000, was purchased 

from Sigma Aldrich, GPC standard classification. Poly [2,5-bis(3-tetradecylthiophen-2-

yl)thieno [3,2-b]thiophene] (PBTTT), was synthesized and donated by Dr. Martin Heeney of 

Imperial College and John Cowart, U.C.S.B., under the supervision of Dr. M. Heeney. PBTTT 

which was used had an Mn of ~16,000. All solvents were purchased from Sigma Aldrich and 

are the anhydrous versions, > 98% pure. PBTTT was dissolved at 8 mg/mL in a cosolvent 

mixture of chlorobenzene and orthodichlorobenzene at a ratio of 1:1. PS was dissolved at 20 

mg/mL in toluene under a nitrogen atmosphere. Solutions were heated to 140 ºC while stirring 

at 1000 rpm for 60 minutes then allowed to cool to 100 ºC stirring at 300 rpm, then filtered 

with a 13 mm Whatman 0.2um PTFE filter utilizing either a 3 mL glass or 1 mL NormJect 

syringe. Solutions were left overnight under Nitrogen and kept at 90 ºC and stirring at 300 rpm. 

Thin films of PBTTT were spun onto clean dry substrates from solution using a glass pipette 

at 1000 rpm and an acceleration of 4000 rpm/sec under ambient conditions. Samples were then 

dried under nitrogen at 100 ºC for 10 minutes to remove residual solvent. The PBTTT layer 

was ~50nm thick. The PBTTT films were allowed to dry under a nitrogen atmosphere and 
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slowly cool to room temperature. The upper layer PS films were spun directly onto the PBTTT 

film from a room temperature solution using a 1 mL NormJect syringe through a 13 mm 

Whatman 0.2um PTFE filter spinning at 2000 rpm at an acceleration of 6000 rpm/sec. This PS 

layer was roughly 100 nm thick. One of these bilayers was subsequently annealed at 170C for 

20 minutes. Both the spincasting of the upper layer and the subsequent annealing likely altered 

the surface of the PBTTT. 

5.3.4 UNCERTAINTLY IN MEASUREMENT 

For the PMMA/PEG sample, the deviation of onset in measured and simulated 𝑆𝑖𝑛𝑡 

from 282 – 284.5 is attributed to poor photon statistics and particularly poor normalization in 

this region due to the carbon dip [79]. Also, noise in optical constants is high in this region 

(Fig. 5.2A), which propagate into both the contrast (Fig. 5.2B) and EFI (Fig. 5.2C) 

calculations. These factors were improved upon considerably before acquisition of the OFET 

 

Figure 5-5 AFM images 

Fig. S1 of A) bare molded interface of PEG showing ~35nm feature size and 5nm RMS 

roughness B) top surface of PMMA after heating with much larger feature size and <1nm 

RMS roughness. 3D views are shown in a 1:1:1 aspect ratio, and on the same scale. 



127 

data in figure 5.4. The apparent peak in intensity at ~284eV in the 2D scattering intensity is 

subject to a high level of systematic error, because the raw data in this region is very low 

intensity, while the normalization values are also low and uncertain. The resulting uncertainty 

is shown by the error bars in Figure 5.3D, calculated from the range of uncertainty in the 

normalization values. Fortunately this region of high uncertainty is not of experimental 

interest, because both the surface and interface have scattering contributions. Between this and 

the subsequent acquisition of scattering data from the PS/PBTTT sample, experimental 

protocols involving cross calibration of beam intensity measurements and normalization 

procedures including acquiring periodic raw beam currents, greatly improved this uncertainty, 

and low noise scattering intensities could be collected in the region of the carbon dip. 

5.3.5 DETAILS OF DATA ANALYSIS: 

The empirical fit (as shown in Fig. S2) makes several important assumptions which 

may not hold for different materials systems. First, it assumes each part of the sample scatters 

independently or incoherently, as correlations between roughnesses could add interferences, 

which we largely do not see in the data. Secondly, correlation lengths are assumed to be unique 

within the system. In systems with conformal roughness, the surface and interface roughness 

may have similar correlation lengths, and so independent energy dependencies may be very 

difficult to pick out. In that case, linearly fitting a combination of the surface and interface 

modeled scattering to separate out contributions to different correlation lengths would be 

necessary. In both of the cases presented in this work, there are two sources of scatter clearly 

separated in both energy and spatial frequency distribution. In cases where this is not the case, 

the sophisticated fitting procedures presented here would be even more critical to the 
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identification of different features. Finally, as shown in the fit of PS/PBTTT scattering (Fig. 

S2), two interface correlation lengths were found at 35 nm and 90 nm. The stronger correlation 

length, 35 nm has a large tail, which is fit with the second 90 nm correlation length. Thus the 

two different lengths are an artifact of the fitting function, and the real correlation length 

(taking a weighted average based on the fit intensities) is ~50 nm. Both constituent Gaussians 

have the same basic energy dependence, so the higher of the two, 35 nm, is used in Fig. 5.4E 

interface sensitivity measurement. This doubling might be avoided in the future with different 

fitting functions (beyond simple Gaussians), but this concern may also be moot if we find an 

energy at which the interface sensitivity is close to 100%, in which case we can look directly 

at the shape of the interface as in Fig. 5.4E, and so the dominant correlation values from the fit 

 

Figure 5-6 Data and Fit of PS/PBTTT OFET sample 

Fig. S2 Data and Fit of PS/PBTTT OFET sample. Note the non-Gaussian form of roughness 

at the interface shown by the double peak at ~.1 nm-1 in the fit but not in the raw data. Also, 

again note the two major spatial frequency distributions with their own well defined energy 

distribution, again indicating two major sources of scatter. 
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become less important to the structural analysis. Likely principle value decomposition, 

combining the results of modeled intensities into the fitting routine will be necessary to fully 

deconstruct complex scattering-energy maps in some cases, particularly in cases of correlated 

or conformal roughnesses between layers [200]. 

Lorentz correction is appropriate in this case to correct for all of q space which does 

not match the elastic scattering condition. It is the same correction which would be done to 

find the noise power spectrum of the surface with a linear probe. If the absolute RMS roughness 

was desired then absolute scattering intensities would be needed, including knowing the 

incident flux accurately, and modeling the exit path of the x-rays to correct for absorption. 

Thus for the current experimental difficulties, the absolute RMS measurement is much better 

suited to a one dimensional reflectivity measurement, which we suggest be used in 

combination with GRSoXS to find this complementary information. Indeed, the results of the 

reflectivity measurement (thickness and RMS roughnesses) is exactly the information which 

should be fed into the simulation to calculate the EFI and parameters for maximal interface 

sensitivity, so a reflectivity measurement is a natural complement to GRSoXS. 

In the two systems we present, we find a largely binary distribution of scattering peaks, 

which we are able to identify as the top surface and internal interface. In many cases, the 

scattering from each bulk layer and the substrate may also be substantial, and so much more 

sensitive fitting algorithms may be needed to pick out all the constituent correlation lengths. 

We can often discount contributions from a substrate such as Silicon by the simple argument 

that the correlation lengths of polished Silicon wafers are far smaller than the wavelength 
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limited resolution of soft X-rays (~4 nm at the Carbon edge). In this way, soft X-rays 

morphological measurement scale is inherently mesoscale.  

As a check of how representative the index-matched scattering is to the actual interface, 

GRSOXS measurements of the bare substrate were taken as well, and compared to the index-

matched location of 286.4 eV for the PMMA/PEG sample (Fig. S3). The Bare Substrate was 

created with a slightly thinner layer of CaF2 (due to geometrical variation within the thermal 

evaporation chamber), leading to 15% smaller feature size. However, the relative intensities 

are accurate. The distinctive peak is evident in both scattering patterns, with or without the 

upper PMMA layer. Thus, we conclude that taking a measurement at 286.4 eV is equivalent 

to looking at the bare substrate, with any effect of the upper layer effectively minimized. 

 

Figure 5-7 Scattering patterns from the bare molded 

PEG 

Fig. S3 Scattering patterns from the bare molded PEG, the 

interface sensitive 286.4 eV and surface sensitive 288 eV 

scattering patterns of molded PEG covered with ~400 nm 

of PMMA.  
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5.3.6 CONTRAST:  

In the x-ray regime, the refractive index of organic materials is very close to 1, so that 

we split out the real (δ) and imaginary (β) parts of the deviation from 1 as: 

 𝑛(𝐸) = 1 − 𝛿(𝐸) + 𝐼 𝛽(𝐸) (1)  

Whereas with hard x-rays we would relate δ and β to the electron density (𝜌) within a 

material, and define the contrast to be proportional to Δ𝜌2, with x-rays near absorption edge 

we instead leave it in terms of Δ𝑛2. Thus to calculate the contrast of a feature composed of two 

elements with refractive indices 𝑛1 and 𝑛2 is (𝑛1 − 𝑛2)
2, which from (1) is 

 |Δn|2 = (𝛿1 − 𝛿2)
2 + (𝛽1 − 𝛽2)

2 (2)  

Plotting |Δn|2 vs. X-ray energy (Fig. 5.3F) for various material pairs through a model 

system, we can see that the interfacial contrast at high and low energies is lower than that of 

the surface, but in the carbon edge region the contrast varies quickly and has various peaks. 

Just looking at the contrast however is not sufficient to estimate what energy will be best to 

see the interface experimentally. 

5.3.7 EFI CALCULATION: 

Using Parratt’s multilayer solution with a slicing algorithm, we simulate the EFI 

throughout a device. By proposing an effective material density for each material through a 

device (Fig. S4A and S5A), an effective index of refraction at every 1 Å thick layer is 

determined. At every interface we calculate the Fresnel reflectivity rij and transmission tij, 

 
𝑟𝑖,𝑗 =

𝑘𝑧,𝑖 − 𝑘𝑧,𝑗

𝑘𝑧,𝑖 + 𝑘𝑧,𝑗

 (3)  

 
𝑡𝑖,𝑗 =

2𝑘𝑧,𝑖

𝑘𝑧,𝑖 + 𝑘𝑧,𝑗

 (4)  
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For each interface 𝑗 = 𝑖 ± 1 which allowing the transverse electric field component to 

remain constant (for s polarization of the X-rays) we can find the following recursive 

relationships between the electric field components in each layer. 

 
𝐸↑𝑖

=
𝑒ɪ𝑘𝑖 𝑑𝑖

𝑡𝑖,𝑖+1

 
1

𝑟(𝑖,𝑖+1) 𝐸↓𝑖+1
+ 𝐸↑𝑖+1

, (5)  

 
𝐸↓𝑖

=
𝑒−ɪ𝑘𝑖 𝑑𝑖

𝑡𝑖,𝑖+1

 
1

 𝐸↓𝑖+1
+ 𝑟(𝑖,𝑖+1)𝐸↑𝑖+1

 (6)  

Setting the boundary conditions to normalize for the incident beam E↓(0) =1, and 

setting no electric field travelling up from within the substrate itself E↑(n)=0, the electric field 

of both the incoming (direct) and outgoing (reflected) electric field components can be 

recursively solved within every layer. The results for a bilayer of PS (200 nm) on PBTTT (100 

nm) shown Fig. 5.3C. At every energy, the effective real δi(E) and imaginary βi(E) indices of 

refraction change dramatically, so by picking a depth or region (i.e. the interfacial region) of 

interest, we can create an energy-angle map of electric field intensities (shown for the interface 

in Fig. 5.1D and S4). 
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Modeled EFI for the PMMA PEG sample is shown with various slices to help visualize 

the 3d data set in Fig. S4. This sample has only one internal interface, and the optical constants 

 

Figure 5-8 EFI of PMMA/PEG Device 

Fig. S4 Calculated EFI for PMMA/PEG sample A) Material vs. depth in device B) 

Illustration of device for clarity C) EFI slice at 2.5 degrees D) 3D representation of EFI vs. 

depth, energy, and incident angle. Isosurfaces are at from 1%(yellow) to 100% (black) of 

incident beam E) The slice of EFI at 286.4 eV, when X-rays are most penetrating. F) The 

slice of EFI at 288 eV when the x-rays are least penetrating. G) The integrated EFI in the 

interfacial region vs. energy and depth. 
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are such that nodes and antinodes formed from interference patterns do not show up, as they 

do in the OFET sample in the next figure. Although there are no antinodes to take advantage 

 

Figure 5-9 EFI and Contrast of OFET 

Fig. S5 Calculated EFI and contrast of PS/PBTTT sample A) Schematic of device. B) 3D 

representation of EFI vs. depth, energy, and incident angle. Isosurfaces are at from 

1%(yellow) to 100% (black) of incident beam C) The slice of EFI at 2.5 degrees incident 

angle. D) the slice of EFI at 282 eV vs. depth and angle. E) The integrated EFI through the 

interfacial region vs. energy and depth. F) The index of refraction of PBTTT and PS. G) 

The calculated scattering contrast of the different components and thus locations in the 

sample. 



135 

of, the penetration varies dramatically on energy, and this is enough to vary the signal from the 

interface and obtain an energy signature to match the theory. 

Modeled EFI, equivalent to that shown in Fig. S4, but for the OFET PS/PBTTT sample 

is presented in Fig. S5. With an additional sharp Si substrate layer, standing wave nodes and 

anti-nodes are much more evident, complicating the choice of energy at which 𝑆𝑖𝑛𝑡 is 

maximized. The large roughness is likely the result of the toluene, the solvent for PS, during 

the second spin coating partially dissolving already applied PBTTT layer. 

5.3.8 ADEQUACY OF PRESENT MODEL 

The present model performs exceedingly well in identifying both the energy 

dependence of scattering from different depths and characteristic energies at which |𝑆| is 

maximized. The assumptions made are the same as the distorted wave born approximation 

(DWBA) [184]. We combine a dynamical theory (allowing multiple interactions between the 

X-ray and the sample) used to find the EFI within the film, along with a simple perturbation 

theory (the Born Approximation), assuming the scatter is tiny compared to this established 

field. If the contrasts within the system were significantly larger double scattering events and 

more would need to be considered. Additionally, in-plane features will scatter differently from 

upward and downward traveling fields, and the scattered x-rays will have very different paths 

out of the sample. We find that in these two simplified systems, these higher order concerns 

are not necessary to accurately explain the data, however in applying this technique to more 

complex systems, these further refinements may be necessary. 
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5.3.9 INTERFACE TRACKING DISCUSSION: 

The results define guidelines for measuring buried interfaces in thin films systems 

using GRSoXS. As an example of a simple rule of thumb which can be used to generally 

enhance the scattering from an internal interface, we here present a method to match the index 

of the top material to vacuum. This is done at the zero crossing of the real part of the index of 

refraction (𝛿). These “index-matched” energies in both the presented cases are also the maxima 

of interface sensitivity: Fig. 5.2A shows delta of PMMA crossing zero at 286.4 eV while Fig. 

S5F shows PS crosses near 282 eV.  

This index-matching is so effective because the first zero crossing of 𝛿 is lower in 

energy than the lowest energy peak in 𝛽. This is not a coincidence and must generally be the 

case because of Kramers-Kronig relations governing the relationship between 𝛿 and 𝛽 [61]. At 

this zero crossing then, both elements of the index of refraction are closely matched to vacuum, 

and effects of the covering layer are minimized. This leaves the buried interface to be probed 

with minimum background scattering and maximum flux (as depicted in Fig. 5.4). In both of 

the cases presented, the contrast of the lower layer at these energies is not maximized, but even 

the low contrast is amplified by the EFI intensity, such that the product is maximized.  

Finding such an energy window almost exclusively depends on the composition of this 

covering layer. Poly(styrene) may generally be a more ideal covering layer. This can be seen 

by its large low energy range where 𝑆 > 0 and the huge dip in contrast at 282 eV, an energy 

that is far below many carbon absorption peaks, meaning absorption effects including beam 

damage and fluorescence for the whole system are minimized. This energy is so low that for 

many polymers (including PMMA and PEG), it is still below the critical angle for reasonable 
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grazing angles of ~2 degrees. This means that total internal reflection may be possible from 

the internal interface in future GRSoXS applications, although in the systems presented in this 

paper, this was not the case. 

To monitor the surface, 285.5 eV, an energy at which the penetration depth of the 

incident X-rays in PS is limited to <10 nm is chosen which necessarily limits scattering to the 

upper surface. Also effective would choosing an energy and angle at which the incident beam 

is below the critical angle of the surface layer, ensuring total reflection from the surface, and 

likewise confining the scattering beam to the upper ~10 nm of the film. This can be seen by in 

the EFI penetration at low angles in Fig. S4G and S5G and experimentally for PMMA by 

comparing in Fig. 5.3B, 280 eV and 288.5 eV and in the Fig. S2, 285 eV, 295 eV and 272 eV. 

The scattering patterns are all similar at these energies, because they are all high surface 

sensitivity, although the reason for the lower energies’ sensitivity (total reflection) is very 

different from that of the higher energies (high absorption). Careful care should be made in the 

comparison of these two regions, because shadowing from slope variations of a few degrees 

for a top surface will effectively allow X-rays to penetrate a rough top layer even when the 

beam is below the critical angle on average. Thus the absorption edge, while more damaging 

for the system is generally a safer experimental choice for isolation of the top surface. 

5.3.10 EXPERIMENTAL FITTING DISCUSSION 

It is interesting to consider the implications of the fitting method presented in this work. 

The method provides a framework for model free analysis of complex contrast variation 

datasets, beyond specifically GRSoXS. Even the X-ray energy dependencies were found in the 

fit, thus no structure or chemistry was presumed. Both the shapes of the Gaussians, (mean 
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location and width) and the energy dependence of the Gaussians were simultaneously fit. This 

means that both the size scale and chemistry were simultaneously obtained. In a simpler 

transmission type system, one could imagine this type of fit giving both the structure of the 

thin film being probed along with the chemical structure of the constituent materials 

simultaneously. This is an exciting advance in model free analysis of thin films. Improvements 

to this method may include, instead of any set functions, an algorithm to find a minimal linear 

decomposition of scattering vs. energy maps into a set of distributions of spatial frequencies, 

and their chemical structure. 

5.3.11 FUTURE APPLICATIONS 

Recently in the field of oxide heterostructures, investigations of the metal L edges have 

suggested a rumpled morphology at LaAlO3:SrTiO3 interfaces [201] that might be 

unambiguously accessed by GRSoXS. In addition, contrast near the oxygen absorption edge 

using GRSoXS can reveal how variations in oxygen binding environments (e.g. OH- ,O2-, or 

O vacancies) correlate with exotic electronic transport as suggested by studies of oxide-

vacuum interfaces [202, 203].  
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CONCLUSIONS AND OUTLOOK  

This dissertation has presented several methods using resonant soft X-rays to 

characterize mesoscale structure in thin film organic electronics. A novel synchrotron beamline 

was presented, which is capable of collecting normalized and quantified scattering patterns 

from thin films. The theory of scattering in high volume fraction experiments was examined 

in depth, arriving at several very useful general principles in determining critical factors like 

domain size and spacing. The use of measured anisotropy when scattering from conjugated 

polymers with polarized x-rays was explored in depth, revealing that this new phenomenon 

can provide valuable insight into the structure of thin films. And finally, the development and 

first results from GRSoXS experiments were described. This chapter will present the outlook 

for these techniques, and the potentials of extending their power by combining benefits of 

different techniques to answer critical scientific questions. 

6.1 BEYOND CARBON 

Each of these efforts present the community with valuable new tools and understanding 

for characterizing novel systems. Although they are all presented on organic electronics, and 

with those structures in mind, the principles are applicable to other organic systems, and by 

going to other absorption edges, to systems based on other elements as well. Any system that 

has bonding configurations that have strong resonant resonances at certain X-ray energies can 

be probed at those energies to exploit similar effects. Possibilities for the oxygen absorption 

edge are presented in chapter 5, particularly the case for GRSOXS to aid the characterization 
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of oxide heterostructures. Other examples include L edges in the range of 200-1000 eV range 

including selenium, titanium, vanadium, chromium, iron, manganese, cobalt, copper, nickel 

and zinc. 

6.2 COMBINING POLARIZATION AND GRAZING INCIDENCE 

Chapters 4 and 5 detail the use of polarization to probe anisotropy at the molecular 

scale and the use of grazing incidence and resonance to probe within thin films. These two 

techniques have the potential to be combined to simultaneously determine molecular 

orientation, composition, structure, and depth. This possibility promises to help the 

characterization of thin film transistors to an even greater degree than just knowing structure 

and composition vs. depth. Because the anisotropic conduction properties are so important in 

common organic electronics, determining the precise alignment and structure at the interface 

simultaneously will be a much more powerful use of GRSoXS. 
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6.3 POLARIZED DEPTH-SENSITIVE REFLECTIVITY 

Reflectivity is a powerful technique for finding the out-of-plane structure of thin films 

systems, as described in the introduction. The EFI calculation code I wrote for the theory 

section of GRSoXS, as a side benefit is identical to the code that would be used to calculate 

reflectivity with depth and polarization sensitivity. This is one of the simplest extensions of 

this work to immediately useful experiments. All that is necessary is to implement a fitting 

routine with realistic constraints on the depth composition, and a depth profile can be obtained, 

similar to recent work by Werzer et al [58], but instead of just electron density vs. depth, we 

could solve for complex index of refraction vs. depth.  

 

Figure 6-1 Reflectivity vs Energy and Momentum Transfer 

A) Reflectivity * 𝑞4 vs energy for a simulated sample of 50 nm of P3HT on top of 30 nm 

of PS with 3 nm of roughness between the polymer layers. B) Reflectivity * 𝑞4 vs energy 

for a simulated sample of 50 nm of PS on top of 30nm of P3HT with 3 nm of roughness 

between the polymer layers. 
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The added dimension of X-ray energy in these experiments will allow fits of complex 

structures to be well constrained. Although currently only sparse energy data may be able to 

be collected in the time of a typical experiment, it is possible that by shifting resolution from 

angular space to energy space, (more steps in energy, fewer in angle), necessary data can be 

collected efficiently. 

6.4 OUT-OF-PLANE GRSOXS 

The rich data set obtained in GRSoXS experiments was described in depth in Chapter 

5, but there we focused on only the in-plane information. The out of plane information, as 

shown in a data set in Figure 6.2, collected from a bilayer of 𝐶60 and Copper Phthalocyanine, 

contains a rich interference pattern, which is similar to reflectivity, although offset by some 

 

Figure 6-2 Out of Plane GRSoXS 

A) Out of Plane Grazing resonant scattering pattern and experimental schematic. B) A Line 

profile taken between the blue vertical lines in A 
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factor because of refraction. If this can be corrected for accurately, this single scattering pattern 

may be used in place of a time intensive reflectivity measurement, to solve for the out of plane 

structure of the thin film simultaneously to the in-plane information measured by the off 

specular scattering. This, when combined with the depth sensitive reflectivity with energy 

sensitivity discussed in the last section, may allow the out of plane GRSoXS data to be used to 

solve for the model parameters, which are then used to predict the in-plane scattering intensity 

from different depths, thus allowing both the calibration and data to be taken in a single 

acquisition. It should be noted that the range of momentum transfer able to be captured in a 

single image is limited geometrically to about ten degrees, far less than the 60 which is 

common in X-ray reflectivity experiments. This limited momentum transfer range might be 

made up for by collecting many energies quickly and simultaneously fitting all energies. 

6.5 RECIPROCAL SPACE PRINCIPLE COMPONENT ANALYSIS 

As commonly done in STXM experiments, a stack of real-space images taken at 

different energies can be decomposed and the energy dependence for each pixel can be fit to a 

known absorption spectrum of the materials composing the film. In this way, a real space point 

by point material composition map can be created. One of the exciting possibilities that had 

yet to be accomplished is to do this same point by point principle component analyses with 

scattered images. This was done with the Lorentz corrected and averaged data as I’ve shown 

in Chapter 5, but this analysis should be applicable to more traditional transmission scattering 

experiments as well. Rather than a material map (as we get in real space), however, the result 

would consist of a materials contrast map. This means scattering could be isolated to scattering 

from pairs of materials. 
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6.6 MODEL FREE ANALYSIS – SOLVING FOR CHEMISTRY AND STRUCTURE 

SIMULTANEOUSLY 

A more complicated version of this principle component analysis is when one of the 

components is not known.  

As has been discussed several times in the thesis (Chapters 3 and 5) there is an exciting 

possibility with soft X-ray scattering of using a model free analysis to link structure and 

chemistry of unknown components. Using scattering patterns taken at many energies, the 

contrasts and structure of different pairs of materials can be both simultaneously solved for. 

This can provide a clear link between contrast and a spatial frequency distribution within a 

device. Although going from this contrast to optical constants is not straightforward, if the 

optical constants of several components are known, then the optical constants of a third 

material can be solved for. 

It is easiest to think about this problem in two dimensions, of the real and imaginary 

parts of the index of refraction, at a single energy (Figure 6.3). A material (or particular 

orientation of a material, if considering polarization) is a point in this two dimensional space, 

having a known delta and beta. The problem of finding the index of refraction of an unknown 

component can reduce to finding where it lies in this space. Contrast between two elements 

|Δ𝑛|2 is a squared magnitude distance between two of these points. So knowing the contrast 

between a known material and an unknown material can determine the index of refraction of 

the unknown material to a circle of potential indices of refraction (Fig. 6.3A), centered at the 

index of refraction of the known material. Adding another piece of information, perhaps the 

contrast between vacuum (which is at the origin of this two dimensional space) and the 
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unknown material will reduce the potential indices of refraction to two or one possibilities, 

depending on whether there are one or two places where these circles intercept (Figure 6.3B). 

Of course, other knowledge can help guide this determination, particularly betas that are less 

than zero (Figure 6.3C) should not generally be allowed. So knowing a vacuum contrast will 

result in a semi circle of possible indices of refraction, not a complete circle. 

A third contrast can constrain the unknown refractive index further, one may think 

removing ambiguity as in figure 6.3D, but unfortunately the problem may become more 

 

Figure 6-3 Solving for Unknown Refractive Indices from Contrast 

A) From knowing the absolute scattering contrast, an unknown material can be constrained to 

a indices of refraction represented by a circle in delta-beta space. B) Two materials and contrasts 

are known, the unknown refractive index can be reduced to the intersections of two circles. C) 

Negative beta values are not allowed. D) the case of two known materials and two contrasts, 

with vacuum contrast. E) Three materials and three contrasts have more intersections. F) If there 

are two unknowns, then contrasts may be from the two unknown materials as well (shown with 

finer lines). Red indicates potential indices of refraction in all cases. Contrasts fix the radius of 

all the circles, and are presumed to be measured by experiment. 
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difficult. Neither component of a measured contrast is known in general. So, unless a contrast 

can be constrained by some other knowledge (vacuum contrast is higher below and above the 

absorption edge, for instance), every contrast must be considered between each possible pair 

of components. In the two-dimensional picture, then each known material is circled by all 

unknown contrasts (as in Figure 6.3E), and if there is a unique location a circle of each contrast 

uniquely crosses, then that can be assigned to the unknown material. The problem quickly 

becomes unmanageable as more unknown materials are added (Figure 6.3F). If a system of m 

known materials has two unknown components, then there are 2m unknown contrasts which 

must be simultaneously solved, and finding a unique solution of two indices of refraction to 

explain all the contrasts may very well not be possible. 

Complicating this still further, very good measurement of absolute scattering intensities 

would be needed to solve for absolute contrasts, making the problem currently untenable 

although still an interesting thought experiment for when the data necessary is experimentally 

obtainable. 

6.7 CONCLUSION 

Each of these applications are based on the simple principles of obtaining quantitatively 

normalized data (chapter 2), understanding intricacies of contrast mechanisms (chapters 1,3,4), 

analyzing Fourier space scattering data correctly (chapters 3,5), and utilizing potential depth 

sensitivity (chapter 5). GRSoXS in a sense combines all of these elements and reveals how, by 

orchestrating them carefully, the particular interfacial roughness of polymer bilayers can be 

isolated out and measured in situ. It is clear that use and further development of the 
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fundamental soft X-ray scattering building blocks presented in this work, in combinations 

including those described above, will answer important scientific questions.  
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