ABSTRACT

GANN, ELIOT HUGH. Using Resonant Soft-Xays to Reveal Inteal Organic Thin Film
Morphology (Under the direction dflarald Adg.

This dissertation details the establishment and expansiaesohantsoft X-ray
scattering technique® reveal he internal structure of organic thin filmghese films are
increasingly important in numerous electronic systems, including iortian film transistors
organic photovoltaicsand orgait light emitting diodesThese devices use the electrical
propertes of polymers toespectivelyturn on and off conductigriurn light into electricity
andcreate lightThe performance ofaeh of thessystemslependritically on thér physical
structurebut unfortunately traditional techniques fail to adequatehacacterizeéhat structure.

This dissertation wilexplorethe useof soft X-ray satteringto reveal the mesoscale
structure or organic electronic devicésis beginswith an overview of the field tmake the
case for soft Xays being an appropriate camovel tool.Next, to explain how tocollect
accurate sofX-ray scattering, the development of a new and unique softy>scattering
facility will be presentedHaving the tools, the next step isdevelopscattering theories and
models for understanmiy and corretly analyzing scattering fronlhesecomplicateddevices.
This includes development and comparison of analysis techniquetheory to simulate
scattering This simulation systenis thenused inthe development of a theotty understand
thenovel phenomenon of anisotropicray scattering from isotropiorganicsamplesFinally,
| will describe the development and first useaohethod able to simultaneousheasure size
scales andhemical structure witbepthsensitivity in thin films Grazing Resonangoft X-ray
Scattering This work provides valuableunderstanding and tool® the field of materials

characterization, opening up new opportunitesprincipled desigrof organic electronics.
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Chapter 1

CHARACTERIZING ORGAN IC ELECTRONICS: THE NEED FOR SOFT X-
RAY SCATTERING

1.1 ORGANIC ELECTRONICS

1.1.1 WHAT ARE ORGANIC ELECTRONICS?

Organic materials are carbon basedr the purpose of this paper, this largely means
small moleculesr polymers, which arehains of identical small molecules, composed mainly
of carbon hydrogennitrogen andoxygen Many of these raterials have minority components
including sulfur, fluorine and other low Z atom3aNhile organic materials have been very
popufr in structural application®if their ease of processing and inexpengication[2],
in the 1980s a new class of polymers were found which had useful electronic properties as
well. Conjugated bonding condition of carhavhich isalternating single and double bonds
around a ring or in an extendeldain allowsorbitals to extenécross a molecule, aradbong
the backbone of a polymer chairhe orbitaloverlapcaused byonjugationadds to rigidity
and alsallows conductiorof holes and electrongVhile the electrical properties of polymers
are often far lower than higher Z alternativdq, 3], the ease oproductionwith mass
production techniques likeoll to roll processing,when combined with the appealing
mechanical propertiegi.e. flexibility), have promise to overcome thelatively lower
performance andreatenew categorie®f electronicsAlready well established, and growing
in application, @ganic Light Emitting Diode§OLEDs)[4] arecommercializedproviding low

cost low voltageflexible light sources in portable and weight sensiipplicationsEmerging



fields, which will bethe center of the work presented in this dissertatmmfiyde organic thin
film transistord5-8] (OTFTs), useful dr thin, transparent, flexible electronics, and organic
photovoltaicg9-12] (OPVs) which offer a cheap anhassproducibleway to turn sunlight
into electricity.The challenges of these two device types lead tatstonctdevice geometries,
but both rely critically on intéaces between organic materiaBoth of these geometries

planar and mixturedescribed belowan be well characterized by softrXy scatterig.

1.1.2 ORGANIC THIN FILM TRANSISTORS

Thin film transistors ar&argely planar in nature, typically a layer of a semiconducting
material on top of a gatdielectric material, often a silicorxide in test cells, bugenerally
high k polymer dielectris in final application.These cells function by field enhanced carrier
concentration, meaning that when an electric fisldpplied to the materiaiobile carriers
concentrate at the edge of the material, and when the concentration is high enough, conduction
isallowed[13]. Thus these devices are field effect transistors, and are often also called Organic

Field Effect Transistors, or OFET#/hen the gate field is turned off, the carriers diffuse back

Gate

Source

Figure 1-1 Schematic of Organic FieldEffect 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 tostihted case, a positive bias of the gate,
attracts electrons to the surface, where they can conduct between the source and drain.



into the polymer, and conduction effectively ceaiasas shown recently that the location of
charge transport and carrier enhancement is essentially righe amterface 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 thxas happening at this
interface. Many studies have tried to measure the nature of this interfadeding the
electronic stateq,15] the crystal structur¢l6] and thetopography{17], but as of yet, the
structural information gained is unclear, and the actual interaction region bétwwexyners

is unknown.The development 0ERS0XS 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 cellsethcan be quickly and sidy

mass producetias been growing intensely recently with concerns of enssgycesbeing
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Figure 1-2 Schematic of Organic Photovoltaic

lllustration of an idealizé 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, gnerating current.



unsustainable and increasingly expensi&ditional solar celldased on silicorare quite
effective at capturing light, bliackingin affordablescalability, particularlywhen compared

with mass production techniqussch as roll to roll processin@0] available with polymers

With the discovery opolymeric materials which cape made into solar cells from solution
processing1§], it was quickly seen that such systems, if they could be made more efficient
could be a viable energy sourdedeed, solar cellsomposed omixtures of polymers and
fullerenederivative small molecules in the time of my graduate career have gone frgb3j4%

to more tharil0%[20Q] efficiency in test cells, andow companiedike Solarmerand Helitek
arecreating polymeric solar celesconsumer products.

Despite the sucss ove the last few yeardundamentals of how these devidesction
remain mysteriouslhe paradigm of a bicontinuous demixing of the materials into pure phases
of electron donor and acceptor moleculégire 1.2) have been showim part by our 2010
paper[21] to be fundamentally flawed, and nfuenore complex morphologies have been
suggestedUnfortunately many of these morphologidgfer at the nanoscaleDifferent
materials with differentrystallinties, molecular weightsniscibilities and different fullerene
derivatives have all been triednd to some extent there hagauccess in all avenug,

23). A single governing paradigm of what make good device has not been reached.
1.1.3.1 Functioning ofOrganicPhotovoltaics

Measurements on pure materials have revealed that when visual light hits these
materials, free carriers are nuallycreated, but rather a bound electron hole pair is created,
cdled an excitonMeasurements have revealed that the exciton diffusiogth is generally

<20 nm[24]. However, in order to collect enough light to have a hope of reaching high



efficiency, devices at least 100 nm thick are neceqd&#ly Thus the conceptually simpler
bilayer design used in other devices, is not an optiontteetaulk heterojunction, is typically

the only simple way of creating efficient devicedthough other approaches have been
attempted 26, 27]. In bulk heterojunctions, an exciton created ire omaterial, must move to
amaterial 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 inttvé critical partsFirst absorption: the light must be
effectively turned into excitons in the first placehicker devices and more absorptive
materials are the obvious avenues to imprthis characteristiSecond exciton diffusion, or
getting the crated exciton to an interface with the other matefiais is aided by small
material domainsor from the other point of view lots and lots of interfadeext, charge
separation, sometimes split into twonstituenfparts, exciton splitting, when one cponent
(the hole or electron) jumps without its partner across the interface to the other material
forming a charge (or in these materjaspolaron which is a charge along with the lattice
distortions which affect its behavjgpair across an interfa@nd dissociation, at whicpoint
the polaron pair beconfeee charge This process is poorly understood, at least in terms of
what morphological conditionsare favorable for its efficiencyConceptually a sharper
interface is necessary to create an effedield at the interface ich can aid the splittindput
alsothe molecular orientation and specifics of the orbital or bigdraent between materials
must play a rol¢28, 29]. Finally, the freechargs must make it through the device, and be
collecied at the cathode anoderespectivelyHere interfaces are the enemy, as recombination,

and charge trappingoth loss mechanismarereduced when there is a clear path to the outside



of the deviceAt the cathode andnodeend,the charges must travel in the correct direction,
and be efficiently transferred to the conducRiacking and transport layers are iorpant for
performancg30], wetting layers in the bulk heterojunction, i.e., the polymer preferentially
coating the cathode would block easy charge trandpoelectrons inthe acceptor phase
effectively ruining a devicelhe carefulapplication of the cathode alsocritical tothis step
[31-33.
1.1.3.2 Miscibility

Molecular miscibility complicates this picture dramaticalyour 2010 papdi21], we
show that even the A PBHTendre thee5P% ofrthe matdljisa mor p h
molecularlymixed withapproximately 20%°CBM, leading to the inevitable conclusion that

there argotentialtraps and recombination sites everywhere in the Alrmund the same time,

Figure 1-3 lllustration of Molecular Miscibility

The orange PCBM patrticles are shown to be both in pure phase as well as mixed with the pa
Yellow excitons are split into blue (ekean) and green (hole) pairs which travel through the polym
and fullerenes to reach the cathode or anode.

From:Collins, B. A., Li, Z., Tumbleston, J. RGann, E., McNeill, C. R. and Ade, H. (2013), Organic
Solar Cells: Absolute Measurement of Domaimosition andNanoscaleizeDistribution Explains
Performance in PTB7:P¢BM Solar Cells (Adv. Energy Mater. 1/2013).



several groups looked at the vertical segregation of PCBM Pdhlels, showing that upon
annealing, the P3HIRyeris quickly filled with oughly 20% PCBM byolume[34, 35. This
can explain the relatively low exciton recombination signals measured in these devices,
because there is genllyaalways a PCBM molecule nday, within easy diffusiordistance
20% is above the random three dimensigeicolation thresholdnd soit is possible that
molecular percolation paths are sufficient for charge transport. In this easenhination
would notbenearly the problem it wgsresumed to heandonce the charges separate, it may
be ratherdifficult for them to recombindf 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 faoniature of P3HT is also a necessary

component of performanade bulk heterojunctionsasfibrils can provide a pathway for hole
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Figure 1-4 Fibrils
A simulation of fibrils with inset 3D model created for Chaptebased on recent morphology
characterization done with energy filtered electron microscopy



conduction while the molecular percolation networks of PCBMlleathe electron transport
[36, 37]. Although not seen in mangases the existence of fibrils idelieved to be an
interesting, potentially useful bperhapsptional component to high performing devic&s
any rate, their presee and effects on morphologydaperformanceshould beexamined in
depth.

1.1.3.4 Beyond P3HTPCBM

P3HT:PCBM has been the workhorse,-igosystem for organic photovoltaiegth
literally thousands oftadies in the last 5 yeaf22], however its performance has been limited
by its absorpion spectrumto only collectinglight efficiently in the short wavelength optical
to UV range missing the bulk of available solar power spectolmser tainfrared.To remedy
this, there has been considerable effort to develop high performance low lpamaigaials.
The idea is that just by virtue absorbing anore poweirich spectrumof sunlight these
materials would increase potential performance dramatically.

Unfortunately, what this effort has revealed is a huge variabiligsséntiallyall the
morphological factors of high performance devic&olume fraction of components,
crystallinity, optimalactive layer thicknesgndthermal stability all are very different than the
rules of thumb developed with P3HT PCBM devic@n the positive side, mhachigher
performance materials have been developkdil recentlythe highest performing material
was PTB7 mixed with PEBM [12, 38, 39], although recent tandem cdl&O, 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



limited understandg of their workingsMuch of the success has been optimizing processes
by trial and error, and in the design of novel polynjét$ not from a principled physiedriven

paradigm.

1.1.4 MEASURING ORGANIC DEVICES

Since their development, many techniques have been utiiwstied light on the
properties of organic electronic3raditional electronic performance measurggluding
sensitive current voltageprobes,optical absorptionand dynamic measurementsble to
determire lifetimes of transienenergy évels and conduan propertie§42] have been used
to study the electronic properties of organic devices. Morphological techniques have included
surfacetopography43-45], andnuclearmagneticresonanc¢46], andneutron[47], electron
[48] and Xray imaging andscatteing [34, 49]. Unfortunately fundamental problems have
necessitated the development of a newef techniques developedargely in the last few
years,n large parspecificallyto measure properties of thesgortantdevices.

1.2 DIFFICULTIES OFMEASURING MORPHOLOGIES

The main problems encountered with determining the morphological properties of
organic electroic devices come from theiargely low atomic weight constituentgheir
working size scales, and their plasticithhese propertiesombine in often unfortunate ways
Probesthat have the necessary materials contrast often lack the ability to measwsieethe
scales necessary, while those able to measure both will often damagerythdm they

measurg50].



1.2.1 MATERIAL CONTRAST

Beingcomposed oprimarily low atomic weightmaterials withvery similar electron
and neutron densitiesrganic materials haveoor contras with many conventional probes.
Mearwhile the size scale of thin film devices is far too thin to give adecizerption or
scattering lengths fot-rays and neutrongurther compounding the problefor electrons on
the other hand, the size &&s too big to handle easil¥00nm thick films areoftentoo thick
to measure easily with Transmission Electron Microscopy (TRMhough coss sectionsan
be used successfull$l], surface sensitive probésck the ability to see what lies beyond the
exposedurface.

Bilayer devices are conceptually mushmpler, having planar symmetry, so that
devicesbased on this geometlike OFETsshouldfare better. Utiortunately the interface of
interest is the polymepolyme 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 interfacendtically. Any attempt to probe thedtered
interface by revealing it to a surface sensitive probe will result in possible changes to the
interfacial structureOn the othehand, transmission type measurements will have only the
interfacial region as siwl, while all of the other interfaces and blaiersthat the probe beam
will have to pass through to get to the interface of interestwiilasbackground

Several newer techniques, all alterations of more established techniques have been
developedto 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 reflectivityften suffer from very similar scattering length
densities between componengdthough inseveral notable cases, such as when fullerene
derivatives are used in polymer solar cells, contrast can be sufficient to measure thin films
general however, iorder to get contrast between materials, one of the materniss be
altered to have a mhdower scattering lengtiBecause cold neutrons interdxavily with
deuterium, particularly when compared to Hydradgnchanging a few of the hydrogens in a
sample to a deuterium, the scattering length density is effectively changed a huge[&&hount
Components and full devicésat mirror real devices can be made with these altevairials
Although their structure is different, and so the molecular conformations may be slightly
changed53], the hydrogesare rarely involved with electrical and structural properifiésis
deuteration is areffective way to change the contrast between matewils minimal
alterationand gain contrastnfortunately, in order toune the contradb different values
whole new batcbsof materiab must be made, making the process difficult and expensive

Even undeuterated devices have recently been used in neutron scattering experiments,
often by stackingr using especially thiclevices[47], or coming into the thin film from a
glancing anglg54]. All of these effortseffectively 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 ELECTRONMICROSQPY

While TEM and SEM have been used to reveal thes@ale of organic electronics,
[5]] until the use of electronic filtering, the identificati of phases wasfticult [55] requiring

staining[56], and determinatio of structure was tenuo(id7]. Energy Filteringcan usehe
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same mechanism as will be described with resonantXsodys below in depthMolecular
structure,evennear absorption edges of core electrons specifically the carbon core electron,
cancause resonances dependent on the local molecular environrhentine structurg36]

can be usetb providecontrast between materials, and allow chemical identificatising
energyfiltered Electron Microscopy where the energy of the electrons measured can be finely
controlled, only tlbse electrons which have lost a certain energy level can be medsured.
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 PBHRis way with
enough incident photons, a material spedifitM image can be constructd86]

Downsides, as hinted at in the description abowdude damage to the device being
measuredThe number of electrons incident on the device is much larger than those making
the image meaning the totaldiation dose is many times thember making the imag®ther
energy loss differences can be used, besidesatbenlS, including the plasmonic resonances
from 15-30 eV[37]. These loss mechanisms are much more common, and swithent flux
needed to create an image at these eneigjiesver. Unfortunately these energy ranges are
harder to quantify to a single material, as the absorption spectra overlap significantly.

Despite this, energy filtered transmission electron imagingluding 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 aodtnature of polymer

systemg57]. typically using electron density differencéard (high-energy)X-ray scattering

12



hasbeen used to determine crystal properties of polymers, including thin film ddwuitesse
cases, the electron contrast is actually very higiat is at the molecular level, the electron
densitydifference betweethe backbonand side chainis large[58]. In part this isalsowhy
polymess are poor conductorsMetals have high electron densitiessatially everywhere
creating arextended band structure whaseonjugation irorganicmaterialgs typically linear

or in the case of graphenglanar at bestand in polymers not delocalized beyond the
conjugation length59].

Unfortunately when coarse graining away from the local molecular structure, and
looking for larger scale properties, on the level of the exciton diffusion lem@RVs, or the
mean path of carriers in OTFTs, these materials haveuwgigrm averaged electron densities.
With the development of synchrotron facilities able to produce differeray>energies, the
ability to extend sensitivity beyorgimple electronlensity 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 reveamolecular chemical properti¢s0]. As shown in Figurel.3-1, different bonding
configurations change the local environment of a carbon atom, which changes the spectrum of

energies available fohat electroio move toThe Near Edge Xay Absorption Fine Structure

Unoccupied Molecular Orbital

c C 1s edge ~290 eV Unsaturation C=C
N Isedge ~405eV
O Isedge ~ 540 eV

1s Orbital

hv

Photon energy

Figure 1-5 Depiction of the Resonance Effect

Schematic of the photo excitation of an electron from the 1S orhiala 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) canuse this sensitivity t@rovide a unique fingerint of different chemicals.
Beyond this, by the Krametsronig relations[61],1 , or real part of the index of refraction
can be calculated, which alsbanges accordingiyn this region This mears thefull complex
index of refractiorof materials at absorption edgesn fingeprint that material, andan also
provide contrast enhancemenitthout actually absorbing photons (which can lead to beam

damage)

1.3.2 STXM

The first nanoscaleamaging done at thearbonlS X-ray absorption edg&as with
Scanning Transmission -Ky Microscopy (STXM), developed atsecond generation
synchrotrong62-65]. While limited in resolution to roughly 30 nm, depending on the quality
of zone plate optics which areagsto focus the beaomto the sample, which ihenrastered
to make a 2D transmission imaf#6-68], this was thdirst chemically sensitive hapoobe
capableof imaging and chemically mapping arganic thin film While still often used irfior
organic device measuremetite opticdimited sizesensitivitymakes the resolution just a bit
too high for the majority of OPV samples, and the transmission geomednsraensitivity to
the interface in OTFT samples is still loWhe next generation of imaging techniques such as

X-ray Ptychography69] promise wavelength limited reconstructions
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1.3.3 REFLECTIVITY
For bilayer devices, reflectivity at theresonant energies has been developed to reveal

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

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

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

easily recovered from reflectivity.
of each inteiace, including internal interfac¢g0]. Utilizing both the absorptive differences
of materials, but also the refractive differend, it has been used indltast decade to reveal
the structure of many thin film devices, including the interfaces of interest in JQVETS).
Unfortunately, the results obtained froraflectivity curves alone do not include easily
accessible informatioaf the inplane structure of the roughneS& while we may be able to
find out that there is ane nanometawide interfacefor instance we dond6t know i
nanometer region osists of molecular interpenetration or larger scale undulaiidhat scale
the roughness is at will potentially be critical in determining local slope variations, defects,
nanoscalesharpness of the interface and other features which are presumaloiyl ¢ati

performance.
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1.3.4 SCATTERING

Reflectivity moving from a real space representation of the sample to a retgpace
representationWe are replacing local knowledge of the sampléhveitatistical ensemble
averageof local dataWe don &t Kk neeswof the ldevicetathaispedifioregion, but a
probability of what the thickness is everywhefdis ensemble informan available in
Fourier space is also the strengtiResonant Soft Xay Scattering (RSoXS).

Scattering, unlike imaging, uses a macapsc (~100f m diameter) collimated beam
incident on the sample, collecting only the far field scattered light, usually blocking the intense
direct beamThe physics of scattering is discusseabrously in Chapter .3The benefits of
scattering stem from the fact tHatusing 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 micsersChapter
2). This adds nobnly 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-Xay scattering requires advanceeray sources such as
third generation synchrotrons, andvadced iavacuum imaging capabilitiesThe main
distinction between hard and softrXys, is soft Xrays are absorbed in anlike 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 aft X-ray scattering experiments.

Initial resonant scattering efforts1 organic systemwere on nanoparticlds4] and

block copolymerd 75| at the Advanced Light Sourc&hese studies reated the ability of
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RSoXS to have both higher contrast between materials, and variable contrast with slight
changes of energyrhe first uses of RSoXS to reveal the internal structure of an OPV device
[76, 77] was accomplished with a one dimensional scanning measurentestform of
scattering collection takes long time to collect, and allows faer large amount of -xay
exposure potentially causing damage to the devices being measured.

The development of two dimensionalvacuum 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 publis#Chapter 2, allowed efficient
and accurate collectioof Soft X-ray ScatteringUsing this new tool, our group and others

haveused Soft Xrays to probe both OPVs and OFE[0S12, 80-89).
1.5 THESISOUTLINE

This thesis presents several pieces of work using scattering from-smfsXo further
elucidatestructure of both OPVs and OT&First Chapter 2 presents tevelopment of the
scattering facility describeoriefly above Next a review of analysis techniques applicable for
OPVsystems and for RSoXS in general is presented in Chapte€Bapter 4, | present some
theory work, developing a model to simulatésatropic scattering often seen@®V systems.
Finally Chapter 5 shows the development and analysis of a new kindttdrsg geometry,
collecting R50XS at a grazing angl€his geometry adds the extra benefignfing depth and
material specific sensvity, capable of determining thaternal 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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Chapter 2

SOFT X-RAY SCATTERING FACIL ITY AT THE ADVANCED LIGHT
SOURCE WITH REAL -TIME DATA P ROCESSING AND ANALYSIS

Beforel was able to develop techniques and utilize the power of safiys, | first
requireda facility capable oproduce high quality so-rays, in awell-defined normalized
and monitored beanThe following chapter is a publishedticle from Review of Scientific
Instruments published April 12, 2012describing this beamline, the first of its kind the
world. Coauthors of this paper includethony Young Brian Collins, HongpingYan, Jamie
Nasiatka Howard Padmore, ldrald Ade, AlexanderHexemerand ChengWNang All of the
work was accomplished in collaboration with the staff of the Advanced Lightc&€d
collected all the data presented in the paper, and conducted all the asehgsibe grazing
incidence Block Copolymer sample, provided by Cheng WBnign Collins and Hongping
Yan helped with data collection and analydemieNasiatkadesigne and created thegher
ordersuppressorHe along with Cheng Wang and Anthony Young built aadductednitial
measurements at 11.0.1Barald Ade, Cheng Wang, Alexander Hexemer, and Howard
Padmore all had fundamental formative input on the beamlidénageneral orthe field of

Soft X-ray Scattering.
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Soft X-ray Scattering Facility at the Advanced Light Source with Ries Data Processing
and Analysis
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1 Department of Physics, North Carolina State University, Raleigh, NC 25535
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2.1 ABSTRACT

We present the development and characterization of a dedicated resonatwrapft
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 caredge K~285
eV). We describe thgpecializedlesign 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 detectserase delineated. Of special interest
is the development of a higher harmonic rejection system that improves the spectral purity of
theX-raybeam. Special software and a uB@ndly interface have been implemented to allow
reattime data processing dipreliminary 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 nanosedi¢trroptimal
properties and performance. To fully understand their strupna@erty and structure
performance relationships, quantitative compositional analysis and morphological
characterization at the sdl®0 nm or even subO nm length scale is relged. 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 micros¢@@94] or scattering method
[95-10(Q for a given type of sample. Those capable of achieving higinge and gesolution
include conventional smadingleX-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 reapace electron or scattering length density of the sample
respectively, and so measure the statistical average of the sample morptvdoghe
illuminated volume A number of sophisticated analysis methods have been developed to also
determine, for exame| various correlation functions (i.e. height, density, and pair correlations
of surface and bulk features), purity of domains, and the radius of gyration of po[@&ers
97]. For soft, organic matter, scattering contrast using conventional SAXS at higher energies
relies on electron density differend@&-97] unless energies near an absorption edge are used
to exploit i a n o Maok a0F sResoreamt BofiKFray saatenmgy F5o0XS)
methods achieve contrast between functional moiatidsan have orders of magnitude more
scattering intensity than SAXS, facilitating investigations of very thin organic films in
transmissior74-76, 104].

The physical basis of the contrast mechanism and the general advantageeX® R
have been described extensively before. Basically, the effects of the interactioaysf with
matter is encoded in the cphax index of refraction

£0 pz1 O MO8 1)
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These two energy dependent terms of the index of refraction are related to the complex

scattering factor
M0 M 0 e® Qi ¢ G OADEINQI a0t ¢ aé (2)
in the forwardscattering or long wavelength limit through
d O al Q@ Mh 3)

wherea=nard/2p, with na being the number density of atoms, andeingthe classical
radius of the electron. Consequently, b@pecific contrast can be achieved in a nenn
similar to Near Edge Xay Absorption Fine Structure Spectroscopy (NEXAFS) microscopy,
because U and b change rapidly as a functior
g u a nt % wp¥pdetepilines the materials contrast and scattering strefigth reader is
referred to the literature for more detdi&5, 76, 78, 104-108. More recently, it has been
pointed out and shown that&XS furthermore has unique contrast to bond orientation if
polarization control of the incident photons is possiiel109

Although softX-ray scattering systems and facilities with detection systems based on
2D detectos such as CCDs have been previously developed, these are mostly optimized for
magnetic scattering[110 and/or coherent imagind111-113. The initial RS0XS
developments for soft mattand the first applications occurred with a point detector at a
bending magnet beamline at the Advanced Light Source (ALS). This fadlif] was
optimized for reflectivity and thus provideslly slow RSoXS data acquisition rates for any
geometry <@Qtdhercatmlsan wlii ch ¢ an[78.leardertd greattyadi a't
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 scateaiys) with
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energies from 165 eV to 1.8 keV to probe size sdates 0.5 nm to 5 pum. We describe the
hardware components of the beamline and endstation. Maeuum 2D detector systdirg]

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 interastbsoft X-rays.

There are numerous experimental challenges when operating near the carbon K
absorption edge for which we present methoticharacterization and mitigation. These
include characterizing and controlling the degree of polarization of4tay beam and higher
harmonic spectral contamination, as well as correcting for sources of detector noise and
characterizing the detectqrextral 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 systedescribed here has been retrofitted as a branch line to an existing
ALS beamline that already supports a third generation Photoelectron Emission Microscope
(PEEM3) [114. Initial developments of this scattering chamber and scattering efforts have

been described by C. Wang e{a3].

2.3.1 HARDWARE OFADVANCED LIGHT SOURCEBEAMLINE 11.0.1.2
2.3.1.1 X-Ray Source and Upstream Optics

Beamline 11.0.1.2 is schematically depiateéigure2.1. It has as it¥X-ray source an
Elliptically Polarizing Undulator (EPU). This 5 cm period EPU directly produces high

brightness<-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 row® glaced 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 fivertical gapo) [
longitudinalp si ti on of the rows (the Arow phaseo)
energy and polarization of the-pdys is obtaed. Linear polarizations with-&elds oriented
from Oe to 90e (measured relative to horizon
the fundamental output from the undulator, pure circularly polarizealyX can be produced
from 130 eV¥600 eV.For higher energies, thé®and %' undulator harmonics must be used.
However, using the harmonics generates elliptical rather than pure circular polarization. High
flux and brightness can be retained in thtahd %' 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 Xrays are directed and focused into a vertically dispersing, variablsdaced
grating monochromator equipped with &orizontal entrance slit. The monochromator
contains a grating that has three different line densities on a single substrate, optimized for the
energy ranges 16600 eV (250 line pairs per millimeter, Ipm), 33800 eV (500 Ipm) and
660-2000 eV (1000 Ipm)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 horizontabeam sizeand position downstream of the monochromator. When optimized
for the scattering chamber, it produces a minimum horizontal sample spot size of 300 um full

width at half maximum. The exit slits of the monochromator are formed by four independently
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controlled precision knifedges, which allow for control of the spettrasolution (vertical
aperture) and intensity (horizontal aperture.) After passing through the exit slitsydlge xre
deflected by a vertical focusing mirror, producing a vertical image at the center of the scattering
chamberThis mirror has a magndation of 3, yielding typical vertical spot size (FWHM) of

100 pm.

(d) 9) Q%\ (f)
© L =

(@) I

Figure 2-1 Beamline branch 11.0.1.2 conceptual schematic

(not to scale), showing placement of major beamline components: (a) ellippcddirizing
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 mirrey,& degree deflection mirror into the
11.0.1.2branch 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 horizontahd one vertical slit.
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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 (Figu2e?) that can filter out higher harmonics produced by the
undulator and passed by th@mochromator. The fodsounce design was chosen because of
its superior ordesuppression (2 order >16°, and 3 order >1@ suppression over the 100
600 eV range), a constant exit path with an adjustable incidence angle, and a simple mechanical
desiqn. 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 douldeqpe so that the exiting
beam is cdinear 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 periscop@sséidg the rotation angles in tandem. A piootor is

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

Mirror Periscope
Assembly 1

Figure 2-2 Higher harmonic rejection mirror assembly
(a) Schematic and (b) photograph.
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in the assembl vy, which means the beam wil |l
changed. This configation minimizes both the amount ofvacuum 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 2@D0 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 reflectgle is changed
between 24and 8. The optics are also capable of being moved out of the-pattmallowing

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 detriaheihis compact design requires only one
motorized axis and produces a constant bpath 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 horantal/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
beamdefining knife edges (left/right/top/bottom). The first set, manually actuated, igdbcat
approximately 1.5 m upstream of the sample chamber and allows for fine definition of the
beam. The second set (JJra§) is motorized and located just outside the chamber 0.6 m
upstream of the sample. It is able to remove most of the remaining paseaiter 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 samplewvdcuum picomotors (New Focus) control the
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position of these slits to produce a clean beamptoe, al |l owi ng f or measu

= 0.02, corresponding to a feature size-ef um with energies near the carbon K edge
matching the coherence size of theay beam

Beamline 11.0.1.2 includes the capability in a number of locations to measure t
photon flux for diagnostic and experimental needs. Of experimental inteczded 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 photoelesteatt 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 significards 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 in@dt flux measurement.

A pneumatic photon shutter just upstream of the sample chamber allowsréye
beam into the sample chamber, and is synchronized to the 2D detector exposure. This shutter
allows the CCD detector to accurately and reproducibly cdlectcattering intensities down
to 0.1 s exposures.
2.3.1.4 Sample Chamber

The high vacuum sample/detector chamber shown in FijBiteouses a sample stage
and the detector, which are mounted on independent goniometerscincke 2liffractometer
geometry. Thesample 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 accas=abie
one sample load of ~2500 rim

The sample chamber can be opened in roughly 10 minutes by warming up the camera
to room temperature, closing all the valves and shutters@mkquententing the chamber
with dry nitrogen. Samples can be accesbkeauigh a small door or a larger door, depending
on need for access. Pumping down the chamber fad® and cooling the detector to its
normal working temperature e45°C takes ~20 minutes, resulting in a total sample exchange
time of approximately 30 mutes.

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 durink-ray exposure. This setup can be used to measure letabe yield near
edge X-ray absorption fine structure (TEMEXAFS) spectra from the sample. Two
photodiodes (5 mm x 5 mm Ga#Aphotodiode from Hamamatsu and 1 mm x 3 mm Si photo

diode from Advanced Photonix) are mounted

or

be in the direcantteasm WhHed eFdresdDvity scan:

spectroscopy in a transmien 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 detectand photodiode are usable (see results of
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spectroscopic response of 2D detector, belaw)l determined to be 9.8®Bhoton/nA at 283

ev.

Figure 2-3 Views inside of the sofiX-ray scattering chamber
Locatedat 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 invacuum, backlluminated CCD sofiX-ray detector (Princeton Instrumeiftks
MTE) is thermoelectrically cooled to ~2&. 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 @euam feedthrough to a
chiller outside the chamber. The CCD consi st
pixels. The detector is installed on a 2D stage with 80 mm x 80 mm of movement, which is

mounted on the 2d ar m wvefticabplampoThi$ alawgtheesample ot at i
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detector distance to be adjusted from 80 mm to 160vhite the allowing the detector collect

to scatter from25° to +160° from the incideit-ray beamBy acquiring exposures at varying
detector positions and angleslarge grange can be covered efficiently. At energies near the
carbon edge, this procedure allows collection of scattering data that corresponds to feature
sizes from | ess®°toham eXtrem & th aXMdiz8w tdrakttamme 2 d =
energies available on the beamline (165/eX000 eV) the accessible feature size spans four

orders of magnitude from 0.5 nm to 5 &m.

2.3.1.6 CalibrationSamples

Geometrical calibration samples are a necessary component of any scattering facility,
as the increible 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
experimentAlthough monitoring motor positions can give a very good idea of the dggpme
(discussed in Section 1ll.F), when possible, calibration scattering sets are taken with each set
of data to ensure the correct scattering angles are coll&aéhration samples which cover
the energy and q range of this scattering facility are mamgplicated in comparison to higher
energy beamlineSamples with weltlefined scattering peaks in the1000nm range are less
common than the crystalline systems available in th&0Orim region.At higher photon
energies or for very large scattering ksg standard hard-ray calibration samples such as
silver behenatgl19 120, which has well ordered §nm lamellae, can be used. However, for
typical softX-ray photon energies and the size scales probed with thisns.8nm ring is not

useful For this reason, we hadeveloped set osamples suitable for calibration with the use
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with soft X-raysto cover the g and energy range available at this faciityr primary
calibration is a manufactured linear grating with 200nm spacing (described in Section 111.C),
although it is of little use in beam centering because it a linear grating and so onlyimsable
one dimensionThus one or more of a set of secondaalbration samplesach on a 100nm
silicon nitride film supported on a 1x1mm silicon window for transmission geometry is
typically loaded directly along with each sample lokdst, a silver behena powder as
mentioned above is used for very large angle scattering or higher energies where features near
from 1-10nm are probedsecond300+-1 nm diameterpoly(styrene) nanospheresth well
characterized scattering maxima, drop cast and dried fraqquesas solution are used for very

low angles (large features) and low energy scattering (these two calibration sample scattering
examples are shown in Figuz®). Finally, for general scattering of AMOnm features, where
neither of these calibrants adeal, apoly(isopreneb-styreneb-2-vinyl pyridine) (PHo-PSb-

P2VP) triblock copolymer-1um thick film [56] that has awell characterized39.1 nm
hexagmal cylindrical lattice with high scattering contrast at 280 ®sVoften a convenient

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

2.3.2 CONTROL ELECTRONICS AND SOFTWARE FORINSTRUMENT CONTROL AND
REAL-TIME ANALYSIS
Standard ALS beamline control software orchestrates control of all motors and
acquisition at the endstation-rdy energy, polarization, mirror and monochromator settings,
as well as the locations of the sample, detecitterd 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 th&-ray beam where necessary, and controls the exposreayfs in

both photodiode and CCD exposures. A separate program based on the software package
NIKA [12]] (Described in section Ill. D ) reads CCD scattering data awiitten, 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, mgiesl 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 fudbhetion 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 tlaesired 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
configurationlisted 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 tatpeeld of time,
in which case a quick scatter scan of a sample over a rangieayf 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 tooning, 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 b properly normalize 2D scattering data and achieve quantitative information,
the X-ray beam and the 2D detector have to be well characterized. PropertiesXefafpe
beam that need to be determined include measurements of incident flux and absomption as
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. Importargcttat properties are fixed

pattern and read noise as well as spectral response.

2.4.1 CHARACTERIZATION SAMPLE PREPARATION

Polystyrene nanospheres are supplied by Microspidmesspheres. The supplied
solutions of300 +£ 1 nm nanospheres &b mg/ml, suspenden 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 pher@bl-butyric acid methyl ester
(PCBM) blend (P3HT:PCBM) bulk heterojunction thin fildonsisted ofRegioregular (93%)
P3HT supplied by Rieke, and PCBM supplied by Nano C. P3HT:PCBM blend films were spin
cast onto sodium poly(styrenesulfonate) (NaP&®Yed glass substrates from a
chlorobenzene solution with 1:0.8 weight ratio inzalnosphee 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
a5 mm x 5 mm Aluminum frame with a Inmmx 1 mm open window in the center, resulting a

standingalone film in the window area for transmission scattering experiments.
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Other tests samplesclude aP3HT:P(NDI20ODT?2) blendspun cast and transferred
onto a5 mm x 5 mm Aluminum frame with a 1 mmlxmm open window in the centar
transmission geometry used for polarization characteriZataon poly(1,4-isoprenejblock
polystyreneblock-poly(2-vinlypyridine) (P+b-PSb-P2VP) triblock copolymefl, 56] used in
a ~1 pm thick transmission sample on a silicon nitride transmission window for geometry
charaterization and a 40 nm thin film on a silicon wafer in grazing geomeékgse samples
have beerdescribedn depthpreviouslyand the reader is directed to those publications for

sample detail§l, 56].

2.4.2 ENERGY CALIBRATION

The monochromator has a maxi mum resol ving
edge, this translates into an energy width of ~0.1 eV. Calibration oK##y energy is
accomplished by collecting transmission or TEY NEXAFS spectra of known polymer system
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 spectfé0]. Even though the resonant absorption peaks of
these polymers are rather broad (~3800 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 ia TEY NEXAFS measurement if a more accurate energy calibration

is desired 122 123.
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2.4.3 HIGHER ORDER SPECTRAL CONTAMINATION

The undulator produces and the monochromator passe only Xrays with the
nominal energy, but also higher harmonics of this energy. Typically these higher harmonic
contributions are an appreciable, but tolerable fractior2(%) of theX-ray beam. However,
the flux of X-rays at energies near tharbo K edge is often significantly affected by even
nanoscopic layers of carbon contamination on tiray<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 t he fAc aocubcedreduttiopinavaildble kearpintensity due to the carbon
dip is shown in Figur@.4(a) and inset. Unfortunately, the affected energy range is often quite
useful in probing organic systerfig4, 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 thigua contrasts
available in this energy range difficult if not impossible. A harmonic suppressor assembly as
described above (Section 1l.A.2) is required.

To quantify the fractional intensities of the different harmonics in the beam, we use a
transmissia 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 recotdedenCCD
detector. Figur@.4(b) shows the resulting diffraction patterns as measured by the 2D detector.

With the harmonic rejection mirrors adjusted to°tndident angle, the diffracted higher order
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peaks are more than two orders of magnitude lowantensity 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 carbabsorption edge for typical experiments, although higher angles
continue to improve the spectral purity. These scattering patterns shown inFdbyeeveal

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 rejectiem&$gis in place, this
percentage drops to 2.8% (see Fig@ré(a)). Comparing these measurements, we can
conclude that in general 10% of the photons in the lz¢din@ time of this measurement (before
carbon mitigation measures described belake)highe harmoniccontributions However, in

the carbon dip, when first order light is selectively absorbed, ~80% of-tagswerehigher
harmonicphotons This underscores ttseverity of carbon contamination and the necessity of
having adequate higher harmosuppression. 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
polarizaion 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 qualityisgattata to be
obtained (see section IMRecent 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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A

decreased the carbon contamination and increasel-thy flux. n t he beaml i neo.
state as of publication, the flux of first ordéfrays 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 maigude improvement in this critical energy range
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Figure 2-4 Higher Harmonic Rejection Measurements

(a) Depth of the carbon digs. higher harmonic rejection mirror incident andleset are two
example eargy scans with and without the higher harmonic rejection mirror assefinptie
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 polarie@ys. These unique
properties allow for a novel technique, resonant scattemitly polarized soft Xrays (P
SoXS), in which the morphology of molecularly oriented regions of a sample is probed by

scattering preferentially from bonds with anisotropic transition dipole monfentsstance
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thep-orbitals in conjugated polymers. Ifdfe is soméarger rang®rder in the arrangement of
similarly aligned orbitals, polarized soft-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 electre density and is chemically homogenauseven amorphousAn example
system with this behavipmeasured in transmission geoma#gy3HT:P(NDI20ODBT?2), as
shown inFigure2.5. Here, it is cleathat 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 scatterimgnatsonant energies
when the photons are no longer resonant with the anisotrapiaital.

We can now use this material system asfé@X-ray polarimeter and determine limits
of the atual polarization of the 285 eV-kys. The various linear polarizatiovns anisotropic
angle shown in Figur@.5(e) show well behaved linear polarization control. However,
changing to circularly polarized light, we see that not all the anisotropy bappéared.
Regardless of orientation of the sample and between different samples, there remains a smaller
anisotropy aligned at approximately’®&®m the horizontal, revealing an elliptically polarized
X-ray beam. Although the EPU can produce ellipticaltyarized light (and is set to do so,
intentionally, when creating™and %" 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 tlarbon contamination discussed above (Section 111.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 anisotrépguie 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 anisotfp@io scattering in
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Figure 2-5 2D Anisotropic Scattering Map
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the same P3HT:P(NDI20D2) sample illuminated with: (a) vertically, (b) lwontally, and
(c) circularly polarizeK-rays.(d) Range of possible circular and linear components of different
settings of polarization. (e) Orientation of anisotregybeamline 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 dar 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 wh@ 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 anensuized inFigure2.5.

2.4.5 DETECTORCHARACTERISTICS

The characteristics of the 2B-ray detector, i.e. the responseXerays of different
energy, readout properties, and sources of noisetadedunderstood to allow for quantitative
analysis of scattering data.
2.4.5.1 Calibration of Spectral Response of CCD Detector

When striking the bacKluminated CCD, an incoming photon frees some number of
electrons in the active layer of the device. The benof these free electrons is proportional
to the photon energy.

F(E) =kE 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 quafficiarey /, 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 tme 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
S(E) =N, /1.(E)F(E)g. )
Where N, is the number of photons incident on the pixel apds the electron gain

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

into one effective photon spectoopic gaing,,,, which will vary with energy along with the
guantum efficiency.
9pn(E) =/ (E)g.k (6)
Thus the number of photoris  that actually hit the pixel using equations (4), (5) and
(6) is

__S(B)
" g, (E)E

(7)

The quantum efficiency is well understodd§], and so if we can measuthe 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/ pi
a gquantitative scattering cressction.

We measure thphoton 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 electronmtthe po
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 spreadnoaiing 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 uhil umi nat ed pi Xigure26).(Repeatedl ADUSs
measurements and histograms of resulting pixel valuesX-edy energies down to

approximately 1000 eV were possible as this peak remasteatly separated from the
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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.

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
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efficiency[126 must be taken into account. At the carbon edg€28%YV) is roughly equal
to /1,(150@V), meaning

ADU

28%V o°1——M—
Gon )a Photon? eV

(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, ligddks in the chamber and noisy pixels will cause a
certain fixedpattern dark noise proportional to the exposure timeuRately 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 coveringaf windows on the chamber and cooling the detector
to -45° 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 theX-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 fixewl paitejthe
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 ideryiedposed 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 invacuum CCD Systems. We show that in this system read out noise changes
significantly with each exposurA.histogram of the offsets and standard deviations of a set of
identically exposed dark images (Fig2ré(a) and (b)) shows the variability of both of overall
scale and functional form of the readout noise. The height of the horizontal prdfilgune
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 readt and is difficult to mitigate electronically for-wracuum
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 \ariation 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 shékjrasare
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 theséatien 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 (Figur@.7(c)). Ths 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 (Eigiaeand (b))

before and aftespplication 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 ir2Fi@gpyrand the

2D dataset example shown in Fig@ré(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 mesgations. 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 Ib@sed analysis program (Figure
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Figure 2-7. Noise Analysis of Detector

(a) Histograms of the standard deviations and (b) average values of all the pixels in each of 80!
dark exposures before (green) and after (red) correcgiosubtracting 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) correctec
scattering pattern, illustrating the flatieg process.
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2.8), based on the NIKA data processing progfd®1] 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. ffle 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
hardX-ray scattering calibratiof119. 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 seriesudf ithages is acquired with the same exposure
times of the data to be collected, the fAauto
a reduced form of the data (typicadlgl(q) graph) is produced and optionally plotted, allowing

for immediatefeedback of data quality, ensuring efficient and effective use of beamtime.
Movements of the sample or CCD geometry, the parameters Xt optics and apertures
including the polarization and energy are recorded and data processing parameters are
aubmatically adjusted as necessary (i.e. for a new beam center) to reflect the new state of the

beamline.
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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 ofs c at t e r i hafthouglo certaid ge®rletrical aspects of the sample

environment have thus far limited acquisition tb 2 3 This corresponds to reaching a small

feature limit of approximately 5 nm with use of 280 eV photonsKgpee2.9). For thedwest
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g 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 upstreamitifdur exposures,

one with the CCD centered and the san{peD 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 1922 and 43 from horizontgla g rangspanning 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 ttigange in geometry automatically by monitoring the motor
positions. Thus, a single plot of scattered intensitiesnomentum transfer can be built by
simply moving the detector and taking successive exposures.

Operation in grazing geometry makes usirgyehtra 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 Z2circle diffractometerAlthough the low gimit 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 featungs to the coherence limit 8fum in the plane of the

sample.
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Figure 2-9 Example of Tiling

Tiled detector geometriggenerate a single scattering intensisyq plat for drop cast 100 nm

poly(sty e ne) nanospheres spanning an effective size
behenate powder diffraction ring at 5.8 nm foerefce

2.5.2 EXAMPLE APPLICATION IN TRANSMISSIONGEOMETRY: P3HT:PCBM

R-SoXS has been found useful in characterizing a numbdenfl® used for organic
bulk heterojunction (BHJ) solar ce[l2l, 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-BoXS results of a P3HT:PCBMIlend, a relatively higiperforming
system used in organic solar cells. The radially averag8dX3S intensities from a 250 nm
thick film annealed at 153CQ for 30 min are plotted in Figu10 for 284.2 eV and 270 eV
photon energy. Due to the energy degence 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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correspondingtt he f eature observed is 2°/ g a 20 n
and PCBM is much reduced. The energy dependenceSadS 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 system$6, 75, 127], dilute solutions and suspensidi3], low dielectric polymer

thin films [104], and organic thin film transistof4].
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Figure 2-10RS0oXS Example
Scattering intensitys. momentum transfer for transmissi¥rrays at resonant (284.3 eVié
nonresonant (270 e\}-ray energies for annealed (30 min 150 °C) 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 iX-hayd
grazing incidene scattering, the incidedt-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 aare capt
both the inplane structure as probed in transmission geometry and out of plane structure as
probed in reflectivity. When this is added to the chemical sensitivities ofXsodlys, a
powerful and unique tool for measuring thin film structure is a@de¥or example, the
structure of an IS2VP tblock copolymer thin film was characterized using grazing incidence
soft X-ray scattering as shown in Figuzd 1. 2D scattering intensities the inplane (gy)
directionintegrated within a narrow rectangl®ng the Braggods are shown in Figui11.
The location of the Bragg rods (see 250 eV data as example) reflectspla@enstructure,
while the modulation along the routsthe g directionreveals the oubf-plane structuré the
film thickness inthis case. Based on the-ptane gspacing of the first, second and third
diffraction order, we can conclude that the 40 nm thin film contains hexagonal pagiaden
structure with longange order. Interestingly, the variation in the relative diffoscipeak

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 (interfefemcion)
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 traditie@rtiques. While contrast matching
is possible in neutron scattering, it requires adjustingtitéd ratio during synthesis of one
or two of the blocks. F50XS, as demonstrated in this case can tune the contrast between the
polymer blocks simply by changy 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 Biglir¢he relative peak intensity

of the various diffraction orders is indeed a strong function of photon energy, confirming a

I I I I I
A

d RO ==
10 —= 280 eV
—=— 284 eV

-1
q: [A ]
Intensity [AU]
[4%]

004 003 -0.02 -001 0120 28
-1 - -
a,[A’] q,/A 110
Figure 2-11 Grazing Incidence Example
(a) 2D scatter plot from IS2VP thin filnmcreasing in plane momentum transfer (gxy) is

to the left, while increasing out of plane momentum transferigqg)ward with zero offset
to the reflected beam center. (b) Horizontal (cpagfiles
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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 Iscaféss and geometry
of different cylinderq56].

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 Nicoated mirror adjusted to a sufficiently high angle. Newho@s in measuring
the polarization content of thé-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 obteyrmmhoton counts from the readout of a
2D in~vacuum back illuminated CCD were developed. Procedures to measure and correct for
noise sources applicable to anywimcuum 2D detector system able to record photon energies
in this range were developed. Finallye 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
scatteing data acquisition in this difficult but uniquely useXiray 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 carsend m
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 carboncontamination 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 particulyr 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 @hich when expsed toX-rays or
secondary electrons near the optics creates reactive oxygen species that react with the carbon
on the surface to create volatilenggounds that can be pumped aWb38 129. Alternatively,
direct creation of an reactive glesischarge plasma can be u$28Q. This method, hoever,
works best with lineof sight between the Rfeactor and the optics. It also necess#tateake
out after cleaning. Alternatively, optics can be cleanediexwith a U\(lamps or a standard
UV-ozone cleaner, or the coating can be stripped and amewvaporated/ery recently, an
effort at11.0.1.2 to mitigate the carbon contaminatiynremoving 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 prdlems 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 softX-ray detectors have been very useful for efficient scattering detection.
Howeve, the detector currently installed in 11.0.1.2 has been shown to have various readout
issues thatffect absolute measuremenigich we describe abové&ven though we have
mitigated these issues with automated corrections, newer detector technology aatitiea

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 solidasfglé= 2 ° i s detected.
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 g while also reducing the
radiation damage of the organsamples. This will become increasingly important as more
tightly focusedX-ray beams might be used to investigate smaller samples. Given the large
scattering angles present for scattering of Xeftlys, development and implementation of a
large solid agle detector will be not trivial to achieve.

The present low g limit cannot be significantly improved given the source and beamline
optics and the current samgletector distance, which is limited by the size of the scattering
chamber. A second detectmounted permanently on theray axis in the upstream wall of
the scattering chamber willecreasehis low g limitto the coherence minimum of thery
beam

Sample environmental control such as heating/cooling, the use of liquid or gas cells,
and magntic and electric fields, would further broaden the utility of the facility presented,
allowingin-situ measurement of the evolution of numerous systems.

There are many further areas of development for Xefay scattering. Grazing
incidence developmentadlude utilizing the varying optical properties of various materials
near absorption edges, which should enable selectively scattering from an internal interface by
careful choice oK-ray energy where the contrast of that particular interface is maxiniized
all scattering experiments, but in sifftray 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 beingloleed 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 affordecdyi
photon energies near the carbon absorption ed@xnXS is proving particularly valuable in
revealing structur@roperties relationships. Most applications to date have focused on
characterizing systems based on synthetic materials. Similar toso#tégring 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 anticgatevelopment similar to
what has occurred in the field of transmission NEXAFS microscopy, which has initially also
been demonstrated utilizing polymégd, 92] and which has subsequently been useside
range of disciplines that span geolddy1], chemistry[132, polymer scienc¢l133, and
biology[134]. However, unlike the situation in micragzy 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 camples that can be investigated until such time that more
tightly focusedX-rays beams become available.

In many instances, quantitative analysis required for many applications necessitates
knowing the correct intensity across the futiapge in order tachieve 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 limitegopet dynamic range of the present

CCD to a little more than £0and the various sources of noise thus necessitate extensive
experimental care when tiling-rqnges or comparing data sets at different energies.
Development and use of more advanced detectors that facilitate accurate measurements is thus
highly desirable.rl general, the goal for thee BoXS community will have to be to match the
accuracy achieved by the more developed and matured ASAXS and SANS communities. The
developments presetthere are a necessary first step.

An interesting direction for future dev@iment of this facility would take advantage of
the high brightness of the undulator source by illuminating the sample coherently. Recent
developments inX-ray photon correlation spectroscopy and coherent diffractive imaging
techniques such as HERALDO antyghography show great promise for characterizing
nanoscale morphologies in real space or probing dynamic phendm&®al3y. These
methods take advantage of the fodlam coherence to invert the scattering pattern into a real
space image. This would allow for truly diffractiimited resolution, thus affording much
higher spatial resolutiok-ray microscopyhan current techniques can provide.

There are several soK-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 specificay desi gned to characteri z
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 brightnessvailable at the ALS, makes the facility described here a unique and

important characterization tool for soft matter systems.
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Chapter 3

MODEL FREE ANALYSIS OF SOFT X-RAY SCATTERING IN PH ASE
SEPARATED SYSTEMS

This chapter is arppared manuscrigtelineating and testing analysis techniques and
rules of thumb commonly used soft X-ray scattering experimentsom phaseseparated
systems such as OPVBhere is confusion and disagreement in the field as to how to analyze
results, ad what exactly a scattering pattern can say about the system it comeBdrdhis
reason, we decided that some modeling was approprigteédkly test hypotheses, concerns,
and analysis techniques robusarticularly, it has become necessary tonagisly prove the
central theory of soft Xay scattering, the mechanism of contrast, and how praperly
calculatedand understoadAlthough the topics in the paper may seem somewisglarate
they all fall into the general category of determiningrgiiative 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 sectialoBTumbleston
and Haald Ade aided in the initial conception of the need for this paper, and what should be
shown.l performed the design and writing of all the analysis technigques 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 Sefa)( Scattering in the
morphologcal characterization of high volume fraction systeisisexamined.Blends of
organicmaterials are often central to importdevices, such as organic phatttaics(OPVs)

In these materials, isigenerally a neagqual mixture of matrialsthatis spun ast from solvent

into a thin film, which is then scattered from in a Resonant SetyXScattering (RSoXS)
experimentYet, the analysis of th scatterings done in relativelydisparate and contradictory
ways applying different models to the same sgst@nd obtaining inconsistent results. Full
advantagéhas not been takesf the full potentialof model free analysiavailable with only
minimal information such as the volume fraction and optical constants of compdients
derive the contrast mechanishsoft X-rays, andest 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 udén analysis of scattering patterns and the designed morphology particularly
the average domain size and spacing that created the pattediy we examine several ways

of retrieving size scales from a system with multiple length scales, includingbanationof

Lorentz correadone dimensional patterns and Chord Length Distributions.
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3.2 INTRODUCTION

Soft X-ray scattering is &durgeoningtechnique which has recently been used in the
determination of morphology of organic blend systdi#ts 77, 136. The unique contrast
enhancement available at thelmar absorption edge allows fingerprintiogmaterials, and
targeting certairstructureswithin a thin film[12, 82]. Determining the optical constants of
pure materials ahead of a scattering experifiE3if], and determmation 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 sysig, 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 foscattering patterns often either identify peaks sindulders of
one dimensionaladially aveagedscattering patternassize scalgsor use a model to derive
morphological size scales present in the systemthese irregular systems, it @ften
appropriate to usiguid-liquid models, whictdo not often givenorphological informatiomf
interest whicharegenerally domain size and spacingge examinghe fundamental principles
of scattering from a binary systeand takea statistical look at whabnnections can be made

concretely betweerealistic scattering patteraad morphologywithout 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 Softay regime, it is informative to go back
to basic principlesWe define an incident-ray wave@ B as a plane wavevhere@ is a
constantlectric fieldvector,®is the incident wave vector.
QEd 0 xM°® (1)

And the displacement vector fié@ B0 in a dipole field of permittivity

®p OB O 0 p 1°..0 2)
Where® ...Qis polarization field and.. theelectric susceptibilitWe connect to
¢ by the relation
E T p T 3)

Which istechnically a tensoiThis relation iscorrect vhen the magnetic permeability

‘ is very close to IThenthe born approximation givé8 @ or

. £ £
® .80 TP:IB Pyo q°2 0oQ ° 0

(4)

Wherev ..pt% andO '@ . In the far field(in the direction ofi fuonly the

transverse or off diagonal elementntribute ta®
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.. - (O]
O O iHi0 'O ik :fpao % (5)

So the electric fiel@and magneti¢ield '®in the far field are
Q0Q , o ,

! (6)

whereQ  "®, which is the magnitude of the wave vecter ( Thescattered intensity

(‘Qis equal to théime average#Poynting vectorin the far field whichis therefor(see Jackson

[138 page 411)

LW
0 60 —0 O
W
m oto iH (7)
@QOoiH, . . L, i
E Qi Qi v i to'i Q !

Going back(5) and simplifying in thease that is a scalato
o 1 toti T%p X0 tb p b p (8)
wherei Hs the unit vectoin the directionof the outgoing wave fron@, i.e. towards
the observerand Qs the polarization of the incoming wave, so tgD A | -Gndp
000 O E Fwhere—is the angle between tip®larization and outgoingectors Using

this, by definingp @ @, and (8) we can simplify(7).

o QORI i
Ofp & OE+ Qi Q1 e p e b pQ 9)
QO IH . - " i
Op T OEF Qi ¢k p0Q® Qi &b p0" (10)
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0 hp=—DVEFE s (12)
where¢ B is the Fourier transformed i and we have discardecktthonstant offsets

which when Fourier transformed only contributej functions atip R Scattered photons

at®p Rare not experimentally measurable,Go® k Oip R

3.3.2 CONTRASTDERIVED
When we make the simplificatioat these energs thatt pL p soitis useful to
split € into thevery smallreal deviation from 1] () and the imaginary absorptivviation
from zero(f )
& p1 @ (12)
Consider abinary system where the two componemigh indices of refraction
¢ PAT & fill all spaceThis means that thelative concentrationd b have a value between
0 and 1 for allband
b OB p (13)
We can do some math and redefine the index of refraction in terms of these spatial
variations
tb thOb £Q D (14)

Using (13) and defininge k € &

(15)
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This usefully puts all the spatial variations into one scfidd & B . Using the
propeties of theFouriertransform, ifagainwe are only interested @S ® the constant

offset in the Fourier transforarops outand we can further simplify equation (9) to

. OQOiH . . -
N0 T S Eiwts & B (16)

We cannow define the contrast between the two material@as which from (10)
can be written as

e ¢ 18 ¢ Ts ® I

This definition is usefuin comparing different systems as delta anth lmhange, the

scattering form factor encoded$A # s will not change, while the materials contrast does.

Wavelength [nm] Wavelength [nm]
A 20 10 5 32 1 5 3.2 B A6 45 44 43 42 41 40 39

L IIIIIIII 1 IIIIIIII Ll 10 IIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

P P3HT - Vacuum__
10 Sue - - PS-Vacuum

N s — PS-P3HT
10 [~ 2 =]
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Scattering Contrast
/-
Scattering Contrast

L | |
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1 O- 111 || L L Liiill I L L
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Figure 3-1 Scattering Contrasts

Scattering contrasts calculated from absorption data for two materials, P3HT aneble@um.

(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 rangeayf ¥nergies, from

the UV into the hard xays. The vacuum contrasts are domirthnough 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 Xay energy (or wavelength) dependence isnnot® .
Example contrasts are shown in Fig8re

The same behavior here derived for a binary system, calerdpeedfor a systems
composed of many elements. each case, the contrast between any two elements can be
defined, although the total scattering factor is a sum of all of the spatial fundtibenthe
oy B areincoherent, as idisorderedystems is often the case (see Chapter &ferample)
these scatteringpatialfactors canbesimplylinearly combined with their relative offseking
the contrast between the twelevantmaterials.This implies that a linear decomposition of
these systems is possiliteo paired contrasts

From this, we can determirerule of thumb forscatteringacqusition of complicated
systemsTo determine the structure of any one material in a systeim @@mporents, each

pair should be measured, resulting in
. . P .
0 Q p ¢4 ¢ 17)

ScatteringmeasurementsSo for a two-componentsystem, one energy is needed,
becauselttere is only one combination, while forttreecomponentsystem threeerergies
should be measured to ensure that a given scattering pattern comes from a particular element.
It should be noted that vacuum i&ays one of the components in evecattering experiment.
Vacuum contrast should always be considered and removeddaitering patterns if material
contrast is desiredor aterrcomponensystem, there adb necessarmgnergiesat which point
complicated fitting routines will be needed to decompose each comp&ather than just
taking the minimum number of measorents, 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 materiaDf course, in many experiments, multiple contrasts can be ruled
out at once, i.escattering 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 measuremerjts37] and judicial use of multiple energiesaneryscattering
experiment should become standard practice in using Resonant-BgftS¢attering.

In cases wheren is notreducibleto a scalar, but instead molecular alignment
dramatically changes the optical properties, as are the case in many conjugated polymer
systemg1l, 79, each orientation (parallel, perpendicular to incidefiekl) can be considered
as different materials, increasing the number of scalar elements by one for uniaxial symmetric
systems(see Chapte4 for a detailed derivation of scattering in these cases)

This techniquef reducing scattering to pairs of materials at different enengigsires
knowing the optical constants before experiment very accurately, whicany cases may be
challengingor impossibleln these cases we propose that a principle value decomposition of
an over-constraining set oénergies can fit contrastisat are knownand return the residual
scatteringpatternsalong with theirindividual contrastsasaccomplished suessfully in our
recentGRSoXSapplication (see Chapter 53uch acomplete model free analysvgould
require excellent normalizati@nd background subtractiandthe ability to measurabsolute
scatteringntensities accuratelyvhicharestill challenghg[79]. Nonethéess 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 BORNAPPROXIMATION

There areconcers in organic thin films systems, specifically ORystemsthat the
contrast enhancement at the carbon 1S absorption edge is so high,Bloan tApproximation
(BA) used with hard Xaysmay no longer hold, and higher order formay benecessary to
accurately model the scatteriag is done with techniques are multiple scattering events are
possiblg139. This section will examine this claifor several realistic sampldsirst we will
simulate commonly sized particles of PCBM in a P3HT mat(or equivalently in the
calculaton, because @ a b i Rrencipfe #3HT domains in a PCBM matjpSeveral studies
havefounddomain size®f ~20 nm- ~100 nmin this or similar systemfl2, 140. Next, the
contrastpeak of poly(styrene) (PS¥ an example of a typical upper boufat organic
materials, wher§ s ¢ s p 1 (Figure3.l).

To testBA, we need a more precise theory to test it agakitiough dynamical
scattering theories areutinely usedn manyhighly interacting probe systemasnd areguite
accurate, we consider tiefficient andexact solutiorto the scattered fieldvailable using Mie
scattering theoryn dilute spherical dispersiorfd441]. While Mie scattering isiotappropriate
for high volume fractiorsystems like those we are consideritige change in form facteve
can calculate wittMie scatteringwill indicate the limits of theBA in organic systemslhis
general limit will beequally appcablein high volume fraction experiment&t a minimum,
by determiningsize scales and contrast levatsvhich Mie scattering no longer matchine
BA, thenthosesamesize scales and contrast levels should be of conce@Pwithin film

systems.
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As we can see in Figurd.2 and the results presented in Tabletlie scattering
intensitieseven at the contrast peatdsthe P3HT PCBM systerare nearly idemtal between
Mie Scatteringand theBA. Only when we consider 30@m particleradiusesat high contrast
does Mie Scattering begin to significantly devidteis (~300 nm)is generally the upper limit

of sample thicknesses usecdexperiments, angimultaneouslyhe maxinum contrast usually
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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 resgi@ti.e. the Mie result is scaled

by the same factor, thus when the Mie result at =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 ammalized away.
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Table 1 Mie Scattering Results

Material radius X-ray Energy 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 déirsities are the Mie scattering intensities at
g=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.

achievableWhile as discussed abowuéjs resultis notidenticallyapplicableto nonspherical

or high volume fractiorsystemsa general ruleseems to be that deviations in intensity are to

be expectevheneitherparticle sizes othicknessesare larger than 300 nm andhe contrast

of the system p m . Of coursethere is aradeoffbetween these measuréds 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 limasBA, meaning that near these limitaultiple

scattering events should be considarethe analysisHowever, it should be noted thaeten

in the worst cast considergtie measurable deviation in size scale medsisreonsiderably
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smaller , ~5%than the deviation imtensityof ~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 ofOPV Bulk Heterojunctionsystemsis that they are
composed of roughly equal fractiongwb maincompoundsvhich haveo some degreghase
separated (bgrystallization[49], agglomeratiofl42, or spinodal ripenin§l43). Generally
RSoXS measuremerre usedo determinethe domain phase sizeurity and interfacial
characteristic§12, 82, 87, 89, 144]. Many modelsexist[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 interesh model free analysis is generally preferable if useful parameters
can be gtracted.

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 crossiraysl
minimaof theautocorrelation, and various higheder derivatives corresponding to the Chord
Length Distribution (presented in next sectiofe choose a simple system, one of randomly
spaced cylinders with varying distributions, average size, distribution size, distribution type,
and multiple distributios 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 systemand while this limits the applicability of the results, comparisortbdo
values in spinodal decompositions and more ordered morphologies are straight forward and
discussed belowin a sense, the dispersion case is a worst case scenario, as in these systems,

there is still a form factor component which might complicateghirand lead to spurious

72



peaks in some analys¢96]. The resultsof correlationvs. volume ftaction for all the
measurable quantities described abdwem the scattering pattern, and all of the actual
statistical information about the systame presented in FiguBe3.

To mimic a real system, only g values from a reasonable collectable rapgelogs,
.03 to .5 nrt were used in these simulatioffie Lorentz correctefB7] intensity mean value
is correlated to both domain size and domain sgawith the Pearson linearigoefficient of
r>.995over the simulated volume fractions from .1 tolt4s important to note that certain

simulated systems (described in Supporting Information) were onlyab&calculated up to
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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 Loremzcted 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 fractionsresulting in the periodic dips as these algorithms could no longer

create higher volume fraction systenilese systems allow each cylinder to have an exclusion

zone some percentage of the radius externa@ygnd the surface, where other cylinders could

not be addedDespite all these variations, the Lorentz correcteghnis always a reliable

method to determine these average system properties.

3.6 CHORDLENGTHANALYSIS

Despite its obvious use in charactergzihe average properties of a system, the mean

domain size and domain spaciage only rough averages of the whole systéns often

important tolook for details of the system, particularly important is recognizing multiple size

scales in a single syste[127]. Figure3.4 presentone of the many systems contributing to
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Figure 3-4 Chord Length Analysis

Figure showing selection of systems @gfiedroids 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 thegystems 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 systernwith average diameters & nm and 11 nmThe different
scattering curves and the locations of the radiuses of the two dominant species of ttahains

are present in the systess can be seen in FiguB+4, each way of viewing scattering from

the sample can be used to obtain rough ideas of the populatsitiederd 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 DistributiofCLD) is defned as
60'@[(,3‘ QrhionQ ° (18)
o8}
Which has been showf7] to be equivalento
60 @ a o a o (19)
Whered ® is the probability of starting at an interface and traveling throujinterfaces
before ending on another interfatteis a combination oboth phases, and so in high volume
fraction experiments it is helpful to modelw first from a test morphologWlso, this means
that the peaks are ngadilyturned into domain sizdsr complex systemsgmportantly, this
measurel  is exactly thefundamental exciton diffush length.This is exactlyapplicable

to the measure othe linear distance raexcitonor free chargénas to move Here hitting

another interface, at least in a straight line.
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To test the application aquation(18), we sinulate a symmetric system, ated by
the often used and efficie@ahnHilliardapproactf148-151]. In this system, each material
structurally identical, so concerns about the diffedrdrd length distributionfor the two

different materials are not relevawie obtaind w bytracingrandom trajectories through the
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Figure 3-5 Chord Length in Symmetric System

A) A two dimensional slice othe 3D spinodal decomposition. B) 3D isosurface of the same spinoc
decomposition. C) The calculated first chord length distribuiiot» along with the calculated full CLD,
and the square root of Lorentz corrected scattering pa@®ein adjusted to real space and corrected for
50% volume fraction to give the domain ®ni.ze,
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three dimensional space, histograimg the distances between crossings of B@¥ttours.n
this system, having n@hg range order arglymmetricbetween phased w & - .Thus

we can calculate an effective CLD by summing suffic{@mthis case 20derms in equation
(18).Comparing this result to the CLD calculated through the scattering simugteaquation

(17), we get very gab 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 towvthley measurement often dies.

3.7 CONCLUSIONS

Starting from basic scattering theprwe have showrithe benefits of soft Xay
scattering on high volume fraction systeM& have derived the contrast functemmd showed
that in the soft Xray region, materials contrast can exceed wactgontrast. We havested
and found practicdlmits of theBorn Approximation in simplified systems, givirggedence
that this approach is corretising theBorn approximationLorentz correctionand theCLD
obtainable through derivatives of the aagtwrelation function, we show that statistically we
can have very reliable correlation between the mean of the Lorentz scattering intensity and
domain spacings and domain sizZesr more complicated systems, we delved into the CLD,
comparing the informatioreadily available from raw scattering, Lorentz corrected scattering,
and the CLD, for determining populations of scatterensally, we confirm the property of
CLDs revealing the often critical information about the distances between inteYisebspe
that this work will aid the community in interpreting and presenting scattering data, and

determining critical deviceritical morphological characteristics.
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3.8 SUPPLEMENTAL INFORMATION

The morphologies created to compare in fig8ilBzwere based on the folling table
of sample morphologiesScattering 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 bezgkewed towards smallexdii,
but at every step, the actual mean domain size and spacing was calculated famtudahe
cylinders in thesystem, not the distribution by which the radiuses were picked, so this skewing
did not influence the final correlan. Each distribution was calculatétiree times, with
exclusion zones df.1, 1.4, andl.7 timesthe diameter. This disallowed future cylinders from

being placed that distance from tlkach cylinder, forcing wellspaced cylindersThese
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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 Gaussan 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 (ood) sigma) of the distribution in radius.

populationswith extra excluded areaould not reaclthehigher volume fractions, and so these

resuledin thenon monotoniaeviatiors vs. volume fradion in all the fit parameters in figure

34.
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Chapter 4

A MODEL FOR SYMMETRY BREAKING AT INTERNAL
HETEROINTERFACES EXP LAINS ANISOT ROPIC RESONANT X-RAY
SCATTERING FROM ISOT ROPIC ORGANIC SYSTEM S

This chapter is a prepared mantpt on the first systematic theory to explain
anisotropic scattering which changes with the polarization of the incideaysxfrom
isotropically created samples January 2011} collected the initial anisotropic scattering
pattern which lead to ol#012 Nature Materials papdn that paper, we propodéhat the
scattering might come fromterfacealignment but we showed no rigorous theory of how that
scattering signal could come abdbince then, | have been working on the theoretical backing
which has resulted in this pap@&rian Collins collected and calculated the anisotropic optical
constants which were needed tbe calculationsJohn Tumbleston and Harald Ade helped
with the conception of this projecMaolong Tang wrote the basic LatticBoltzmann
simulation codethat was used in the creation of thaarticular morphology. Finally
SubhrangsMukherjeecalculated the aligned optical constants fidDfT for comparison to
those calculated from experiment by Brian Collihgdesigned and wrot¢éhe 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 forSymmetry Beaking at Internal Heterointerfaces Explains Anisotropic Raso

X-ray Scattering From Isotropic Organigsiems

Eliot Ganrt, Brian Colling, John R. TumblestdnSubhrangsu MukherjgeMaolong

Tangd, Harald Adé

! Department of Physics, NCSU, Raleigh, NC 276262

2Electronic Materials Group, NIST, GaithershuMD 208991070

4.1 ABSTRACT.

Several thin film systems consisting of spincastpalymer and polymefullerene
blends have been observed recently to have anisotropic scattering when probed near the carbon
1S absorption edge with polarized softa§ scatering. 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 conjugdtgolymer 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 fibrtype netwok. 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 polyme poly(3-hexylthiophene) (P3HT) and the radially symmetric optical constants of
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the small molecule C60 based fuller¢6g6]-phenytC61-butyric acid methyl ester (PCBM),

we simulate the anisotropic scattering intensities. We compare the results infeewerfloth

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 hasbeenreportedrecently[1, 79, 144 that a globallysotropic mixture of polymers
when spun castan produce an anisotropic scattering sigviegn probed by polarized-iays
at certain energie®ather than a more common symmetry breaking produced by an external
angular dependent source includsupstrateemplates, surfacenergyeffectsat the subisate
or free surface or a unidirectional application or processing technique, dhserved
anisotropychanges depending on the electric field polarization of incident res¥rays.
Thus, it was proposed that the breaking of symmetry must be frontutaealignment,
template by otherwise isotropic morphological featuregerfaces between separated phases
are a natural source of the necessary symmetry brepkiig4. Another view is that fibril
morphology accounts for anisotropye will examine these two possibilities as well as
showing random molecular alignment without morphological templating doedeaot to
anisotropic scatteringn the same way that second harmonic generdtié@ can ensure
interface sensitivity because thathe tocaton of symmetry breaking, we develop criteria to
recognize anisotropy driven from interfacial interactions from that produced in theeilk.
will show that byanalyzing the anisotrapsignal we can distinguish between these sources,

and learrddails aboutthe structurat the interface.
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The difference between anisotropic and 4ammsotropic signal may even solve the
problem posed by Babe t 6 s p r to Wentifypwhieh, material ésn the dispersed and
which isin the matrix phase in arsgmmetric structurgl53. However, until now, there has
beenno effort at modeling the mescale structure of these systems to link the measured
anisotropic signal to morphologyuantitatively.For thesedevices interfacial alignment is
likely critical to device performance ditanisotropic chae transport and molecular orbitals
[1%4]. So aquantitative theory of the nanostructure that leads to anisotropic scattering, if
indeed indicating average molecular alignment near material interfaces, is important to both
guantify system morphology, and improve system performance.

This papepresend and compareseveral methods of simulating and analyzing scatter
from aligned systems. Our model a combination of two procedureBrst generating
morphologies omaterial compositions through various methddpwed bya Monte Carlo
relaxaton algorithmwhich propagatealignment 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 propert[@$5 156 in the xray regime and in their
organizational packinfll57]. Because of this concurrence, the morphology as influenced by
packing, likely correlates with refractive properties. We simplifyftiietensor form of the
statistical alignmentand thus refractive indexo a vector rpresenting the preferential
alignment(ip), and a scalar representing teative material compositicat that poin{i3 ). The
axis ofthese uniaxiapolymerswhen carse graineds defined by thearbon core 1S tpi*
orbital transition dipole moment(TDM). These moleculeslso commonly stackin this

direction, called -“ stacking.The direction of the TDMs calledt he ff aced of t
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sowhenthe TDMis alignedtowards a direction of interest (i.@n interfaceor surface)it is
sai d #&aceonboe wihfer eas al l ot -b a Dhe tetminaogyt isausefup ns  ar
however, hereafter in this work, if not specified it is understoodtligapolymer is oriented
faceon or edgeon with respecto the internal materiahaterial heterointertae, not to either
the film-substrate or filmair surface, as these termsyy becommonly used.

The materials used in these simulations are P3HT and PCBM, bdbasusgstem is
widely used 80] and both componen&gewell 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, andhé methods presented will apply equally well to complex systems
when multiple components each have their own alignment behavior.

4.3 MORPHOLOGYMODELING

As discussed above, outodel ca@arsegrains the polymer mixture tma lattice of
relative material composion and preferential moleculaalignment.Each point in space is
characterized by a scaldg () for each materialdepresenting relativeompositiorand a vector
(p representing thpreferentiakstatistical alignment of the transition dipole monsaftthat
material.The totalcompositions B e p andlz andgbsare onstrained to be less than
1 andpositive.b is a director field because of the symmetry of the dipole moment, sb that

. Morphologies are completely determinedipyip , andare calculated by a number of
methods describeldelow. Alignment map$ are calculated subsequently a Monte Carlo
method except for the fibril morphology, in which both morphology and alignment are created

in the same step

84



We pick several common morphologi@s this study. All are modeld 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) nnThe voxel size is 5 nm meaning the number of grid points is 512 x
512 x (16, 24, 32 or 64) voxel§his simulation size is adequdtemodel the real resolution

and coherence limit of softpay scattering beamling39] on realistically scaled thin films

X-rays will be simulated with the incomin@perpendicular to the thickness of the film,

modeled on the usual arrangement for thin fikBdXS experimentgl]
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Figure 4-1 Morphologies

Figure 1 Averages of the relative material composition along the path ofridgsX

for the four thin film morphologies: A) Cylinders alighevith the path of Xrays

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 #ghreedimensional system of cylinde(sigure 4.1A). The cylinders
are placed randomly on tlae2D grid perpendicular to film thicknesgach cylinder radius is
chosen from a log normal distribution with a center at 25 nmnadith of 10 nm. Placement
of each cyihder 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 dispersionsThis morphology, depicted in figuré.l is consistent withthin-film
systems where twdimensional real space techniques reveal circular dorfiezhe/hich may
extend through the thickness of the device. We next create a system of random spherical
dispersions by sequentially adding rorerlapping spheres, with radius chosen from a log
normaldistribution, to &D 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 taferag more
comparableNext, we create a bicontinuous or symmetric materials Fégere4.1C)by use
of a Lattice Boltzmann methddBM). LBM was develogd from lattice gas automdth58
overcoming some defects in that earlier method. LBM is commonly used to accurately
calculate computational fluid dynamicghe governing equatioof CFD, NavierStokes,can
be conpletely recovered by LBNIL59 160. It has also been proven that LBM can be directly
derived from ke Boltzmann equation[161], providing a robust physicsoundation.
Interactions between multiple components and phases with different properties can be
accurately and efficiently calculatdd62-164], so LBM is an idal method for spinodal
decompositioj165. Finally, we model a fibrilike network of polymer crystallitest is well

known that the fibril axis ialong the* * transition dipole moment of the polymd®&6, 166].
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Thus, the system consists of largai-plane cylinders, as depicted in FigdréD. As only a
portion of the material is known to crydtaé, the matrix phase is a mixture of amorphous
polymers and fullereng21, 23, 34, 167-169. The system as a whole is constrained to have a
50% volumefraction.Eachof these systems described are depictedimfilm projection and
(inset) threedimensional representation in Figuré.

4.4 CALCULATING OPTICAL CONSTANTS

Anisotropic optical constants arealculated fromabsorption spectroscopy of pure
compaments. Optical constard from perfectly aligned materialsannot be experimentally
collected for these largely disordered materjalsut rather must be extrapolated from
experimentally collected spectifarst absorptiospectra are collectealt t h @ famadiec of
54.7] from the normal to a spincast thin film. This anglevisere contributions between any
in-planeor out-of-plane preferentialalignmens are balancedso that,aslong as there is no
other preferential alignment direction, the faces ofrtittdecules are on average 1/3 aligned
with the electric fieldand 2/3areunaligned This magic angle measurement is thus a measure
of the perfectly isotropic molecul&his assumption is typically valid in isgast systems,
where the only preferential doon is normal to the surface, and so angcro scale
preferential alignment must be either along or perpendicular to this direction.

At normalincidence, thepectroscopisignal changes significantly, particularly at the
P3HT C1S to“ * TDM peak near 85 eV.Although we have no knowledge of thbsolute
fraction of faceon molecules that amdignedalong the polarization vector at this orientation,
all that is required is that we can quantify the difference between the AooEnce signal

and theunaligned, magic angle signaélsing this difference, wknearly extrapolatérom the
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isotropic spectraintil the pi* peak is very close to completely gpne. When the TDM has

no overlap with@®. This linear extrapolation is valid in the case of uniaxial symmafy

roughly flat conjugatiompresent in these conjugated systéiih 156 .
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Figure 4-2 Optical Constants and Contrasts

Figure 2 A) Optical constants, the real part, (@nd the imaginary pait { of the index

of refraction € p 1 "Q), measured and calculated at different angles relative to
the polarization axis of incident-Kays. Inset is calculation of parallel and perpendicular

1 for comparisorand a drawin@f the P3HT molecule B) Scattering contrasts calculated
between different components in a P3HT PCBM film with molecular alignment of
P3HT.

This set of optical constantwith the pi* peak reduced to nearly zevee call the
perpendicular optical constants ar _ i _ because thé® dipole moment is as close
as possible to grpendicular t&®. Comparing these optical constants with the magic angle
optical constants we extrapolate back in the opposite dirdetioa the factor that was needed
to remove thé¢ *peak,andobtain the 100% aligned optical constants _ - _ . All of

these optical constants are shown in Figl?e
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4.4.1 CALCULATING OPTICAL CONSTANTS FROMDFT

We confirm the validity of these results by comparing them with simulated optical
constants obtained by density functional the(@yT), shownin 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 StoREr]]. For thepurpose of our calculations, we used all
electrontriplec val ence plus polarization (TZVP) atc
sulfur centers, while the hydrogen basis sets were chosenofatie (3111) type[172. To
calculate xray absorption spectra, the Slater transition state method was dagi#dn this
case the optimized geometry obtained from the geometry optimization calculation was kept
fixed and polarization and angle dependent absorptientispwere calculated. In order to
obtain an improved representation of relaxation effects in the inner orbitals, the ionized center
was described by using the IGHO basis[174]. A diffuse evertempered augmentation basis
set was finally included at the excitation center to accounttrBmsitions to unbound
resonances. Thabsorptionspectra 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 thaotential components in the thin fijrehown in Figuret.2B. These will

be useful in understanding the anisotropic scattering signals in the following sections.
4.5 CALCULATING ALIGNMENT DENSITY

A Monte Carlo method propagat@ignment from the interfacestothe materialThe

spatialgradient ofcomposition is used tdetermine the interfaces in the syst&kie 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 eneagy of having any preferential alignme@teating

an initial grid of very small random preferential alignment vectors for all points in gpace,
algorithmcalculate the total energy of the configuratioA. metropolistestapplied to each
alignment loction to evolve the system forward’he Monte Carlo proceeds through the
system, and after approximately 200 stegisd location an energy minimum can be reached.
This results irapreferentiablignmentfield b i (Figure4.3A).

4.6 SCATTERING SIMULATION

Scattering simulation is done by first turning the scalar matesiabpositionfield and

vector preferential alignment field3( ® Hp ) created by the model into an index of
refraction mag ©BN_AO at each Xray incident energy and polarizati@(depicted in Figure
4.3B). First the composition of each element that is par@i@g- ) is found

B-® B b bbb 0O —-K b HBS 1)

qQlo

The second term irlf comes from the amount of material randomly aligned in any
given direction within the unaligned portion of the matefal examplen a system with no

preferential alignment (i.do ® 1) one thirdof the transition dipole moments are aligne

with Oregardless oits directionand at the other extreme, a system perfectly aligned in any
direction, this second term is zerosasbS B b.

The remaining population of molecules whoEBMs are not aligned with the
polarization vector are calculated

B b B B B b )
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And the effectiveindex of refraction map for each point on the grid and for each
wavelength () is calculated

¢ hfo p B-®1- - T _ B BT _ 0 _ (3)

The 3D index of refraction map (the imaginary part of which is depicted in HRCe
is then transformed intepatialfrequency (q)or Fourier spacé&y the Born approximation.

Depicted in the inset of FigudelA.

‘'O Fo © & ELAO'Q *°0p (4)
This produces the full three dimensionadgpce representation of possible scattering.
The experimental-xays are modeled to be along the axis perpendicular to the film, which we

define as the x axis. Thus tieavevector if the incoming Xay beam®s.

B o (5)
The Ewald sphere constructiomtersectsip-space at the originThe surface of the
sphere infp space measures the Intensity of each point thathes

CHCEE ©)

With the condition of elastic scattering being

ok B (2} (7)

Thus, the elastic scatter forces the condition
n Q@ Q 1 n (8)
So the intensity measured at a pixehlban corresponding tora andry (a gx and qy

grid is shown in the Figuré.2D) measures
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ohnfihio 0 4 o QM mhfo 9)
4.7 Two DIMENSIONAL SCATTERING PATTERNS
Using (9), wesimulate a wo dimensional scatter patte as measured by the
experiment, shown below in Figude3 for the spheres with thin fa@n alignment in the
matrix phase, along with a 3D representation of a portion of the sample showing visually

equation (1) and the resutifequation (9). The scattering intensities are splotchy because this

treatment mimics a perfectly coherent beam, meaning the scattering pattern is §i&ékled
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Figure 4-3 Scattering Patterns

Figure 3 A) a 3D director plot ofeip in P3HT surrounding red isosurface of P3HT
domains. B) a schematic of the electric field of the incomimgyXbeam which witlip b

from equation (1) can be used to calculated @& (the imaginary part of n is shown as
semitransparensosurfaces surrounding the same PCBM domains as pictures in A. Green
isosurfaces are higherwhile purple isosurfaces are lowerthan the surrounding P3HT
medium. D}K) are two dimensional scatter plots calculated frore and equation (4)

and Q). The electric field is horizontal in all cases. J) a reproduction of Figure 4 from a
publication by Collins et al. in Nature Materials 2(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@t g&  to the 2D pattern. A beamstop is simulated to bloekdtatter at

$9S 8t p which is a conservative estimate of the amount of scatter obtainable in a single
exposurg79].

Comparisons between the patteffigure4.3) and the contras{(&igure4.2) reveal the
sources of anisotropy. In all simulatioi@®js 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@®BM 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
previowsly 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 rdagtikey
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 @igperpendicular 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 fefimld symmetric pattern in the scattering map, rather
than the usual twiold synmetry 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 Figufesd4.8 below).
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Comparingthese results to the previously published experimental regljltss
possible, although only qualitatively. The systemquestionwas composed oflifferent
materials, withdifferent NEXAFS spectra than the system modeled, and so particular energy
dependence of features we see here are not applicablevhile an energy to energy
comparison of the simulation and previous result cannot be accomplighabtative
comparison of the scattering patteragossible. 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 carcreate 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 couonsnatien 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 observefadfour

symmetric pattern similar to 285 eV.
4.8 AZIMUTHAL SYMMETRIES

To explore the azimuthal symmetries in depibt easily seen in the 2D scattering
patterns particularlyto distinguish between morphologies and different types of alignments,
we present azimuthal plots of intensity vs. radiamentum transfeFigure4.4 showsface
on alignment and Figuré.5, edgeon alignmentat thesameenergies discussed above, 284

eV, 285.1 eV, and 288V for spinodal and spherical systems.
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There are several interesting trends to note from reducing the full two dimensional data
sets n this way. It should be noted that each of these scattering pattemm&xperimentill
likely be in combination coherently or incoherently with other sources of scatter including
mass thickness variations, which will add essentially a constantdtdatqpic) background

whenplottedasin Figures4 4 and4.5. Thus the lower intensity anisotropic features are likely
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Figure 4-4 Scattering vs. Azimuth Anglei Faceon

Figure 4 Lorentzorrected scattering vs. azimuth angle at different momentum transfers for
Face o 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, €Sphvith
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 incidentpéy E-Field.

to be difficult to measure. All plots have the y axis logarithmically scaled, so nearly sinusoidal

signals (such as fibrils at 284 eV) magt appear sinusoidal by eye.
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Figure 4-5 Scattering vs. Azimuth Anglei Edge-on

Figure 5 Lorentzorrected scattering vs. azimuth angle at different momentum transfers for
Edge on alignment. Graphs each column are from left to right, spinodal deconmpaditio
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 Filtttils wi
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 incidaaty)&Field.

First, the general differences between 284 eV and 289 eV appear to be a phase shift of
90 degrees for all the sampl@$he phase of the signal at 28¥ is generally indicative the
alignment, face on resembles a sin waveegelly, 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 ithe spinodal morphologies even slightly peaked.

Differences between the different morphologies are easiest to pick out in the q
dependence of anisotrogyor the spinodal samples, the higher intensities, lower g values have

the lowest apparent anisotropyhile the higher g values have increasing anisotropgiseres
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have generally similar anisotropies at different q values, while fibrils have essentially identical
anisotropy at every g value.

285.1 eV is a generally very useful energy to distinguistimaltifferent morphologies
and the kind of alignmenRarticularly interestingly, this energy clearly distinguishes a fibril
structure from other edgen morphologies.

4.9 LORENTZCORRECTEDSCATTERING PATTERNS

Mirroring the analysisione in experimest we furtherredu@ the 2D datdo one
dimensional profilegn momentum transfet,orentz correcting to correct for all the area of g
space which were not caped by intersection with thewiald sphereThis follows from the
fact that although the scattering feah is anisotropiche sample itself is isotropi¢he same
scattering pattern could, in principle, be collected upon rotation of the sample to arbitrary
and%o(although it may be experimentally impractit&cause the thin film allows scattering
easily only with the beam close to normal to the fili).represent a 1D projection of this

intensityvs. g, integrating around the sphere of Fourier spanedsssary.
"0 nh_ho QWOEF QAN 0 1R "'ojhho (10)
‘On for nonresonant scattering froeverymodel system is shown in Figuéés. The
benefits of Lorentz scaling include it beisgraightforward to compare different frequency
components present in the system, in a representation that matches the PSD calculated by real
space microscopigd7q. It does not overly favor low frequencies, and is representative of the

total number of scattered photons in spades form would be Fourier transformed back to

real space to calculate a edienengonal correlation functionor integrated to calculate a
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scattering invariant. Viewing the scattering in this wafgen presents more doty
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
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Figure 4-6 Azimuthally Reduced Scattering

Figure 6 Lorentzorrected azimuthally integrated scattering profiles of A) a fibril network
calculated only in the Edgen orientation, as the crystal growth only allows for this
orientation. B) 15 and 50 nm thick alignment in face andedgeon 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 fractionsT he structure factor and form factor are both present but both contribute

to the peak. This is easily seen in the spinodal decompositiomt¢esethe 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 éngpssible.

The scattering patterns shown Figure 4.6 show the insensitivity of neresonant
scattering to the alignment properties, but only the density differences between which material
is the dispersion or matrix. However, all of the scatteringepad in Figuret.6 are largely even
similar amongst the different morphologies, meaning that even the precise morphology is not
clear from the reduced scattering patterntbglif. The insets in Figurd.6 are meant tgive
an idea of the morphology, @f the alignment maps for every morphology is presented in the
supplemental information.

4.10 CALCULATING ANISOTROPICSIGNAL

To examine in detail the anisotropy in all of the different morphologies at once, we
calculate a one dimensional anisotropic signajh_HO . Scattering patterns are calculated for
each sample morphology at energies from 260 eV to 320 e\ ie\0steps and h_HO is

calculated from 20 degreseectorgparallel and perpendicular to thiectorof the electric field

polarization.
N "0 nh.hio "G RhLRo
0 N0 — == (11)
O AhbhO "G AhhO
Which, becaus@® nh HO  mtfrom its definition (4) and (10)
p o6 nhfo p. (12)
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0 T is an indication of isotropic signal, and deviatiomsvards +/1 indicate
anisotropic scattering perpindicular or parallel to the polarization, respectAdgiyaugh
looking at 20 degree sectors centered around O and 90 degrees does not capture all the
information as shown in Figurés4 and4.5, particulaly 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 comparédthough the full2D scattering patternsontains much
more information, this reductiors sufficient to quickly see major differences between

morphologiesand alignment patterns
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Anisotropy vs. momentum transfer and-My energyis shown in Figuret.7 (faceon
orientations) and Figuré.8 (edge on orientations) for thergnge 0.011  to 171 and
energy range b eV to 29 eV. Figure4.7 A-E have 15 nm of alignment, while-kGhave 50
nm of alignment in the same respective material systems. Fgiies a randomly aligned

phase where the interfacial alignment enéngire Monte @rlowas set to zergoonly nearest
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Figure 4-7 Face On Anisotropy Maps

Figure 7 Anisotropic Ratio vs. momentum transfer vga}X energy maps A are 50

nm of faceon alignment, while GK are 15 nm of face on alignment for A,G) spinodal
decomposition, B,H) Cylinders with the alignment in the matrixgghsurrounding the
cylinders, C,l) 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. Fpédspdecomposition
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 matterEhis createsa modeWwherenearest neighb@lignments the only
concern, and there is little entropic cost to full alignment.

Figure4.8A-G and GK are the samg i andalignmentenergiesas in Figured.7,
except in these Monte Carlo calculatiotie energyof being aligned with the gradient e
interface igeversedcausing the lowestnergy state to be perpendicular to the normal vector.

This causes edgen interfacialalignment, but because there are two ways to be edf@ an
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Figure 4-8 Edge-on Alignment

Figure 8 Anisotropic Btio vs. momentum transfer vs. Energy majg)Pare 15 nm

of edgeon alignment, while &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,l) spheres with thdignment 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 axif the largely inplane fibrils.
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singleway to be face on, the anisotropic signals are not merely the opposite of those shown in
Figure4.8. In addition, Figuret.8F is the fibril network, which is in a sense exclusively edge
on because of the fibril growth direction is along thespacking direction.

4.11 DISCUSSION

The anisotropigatterns shown in figure&7 and4.8 reveal that anisotropy can be a
fingerprint of different morphologieChanges in the bulk of the anisotropy. enery is a
clear indication of the orientation at the interface of the heterojunttiati.cases, at ~284 eV
(the strongestontrast between PCBM and all alignments of P3HT but particularly that
perpendicular to the -Eeld) anisotropy is highest parallébr edge on alignments, and
perpendicular for face on alignmenisist 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 transppropertie§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 systeithealignment in one of the phaskeseaks the symmetry and
soalsbr eaks Babinetds principle.

The thickness of the aligned poriiof material itself seems to change greependence
of the anisotropy patterns presentéde 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 dignment layers change the fait of the peak at higher q valueghis might be
interpreted as changing the effective roughness of the inteifaeescattering pattern of a

randomly aligned system shown in figud&F shows no anisotropic signdlhis illustrates
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how the correlation between alignment and morphology is critically necessary to break the
symmetry andoroduce anisotropic scatterin@n the other extreme, the case of fibrils is
interesting in that the morphology allows only one possible anisotsgmature in the system.
The simplest anisotropic pattern, fibrils exhibits high anisotropy across all q ranges.

Much of theenergydependence observed in Figudesand4.7 is specifido our choice
of P3HT and PCBM as the materials of interest. édéht optical constants for different
polymers will cause the details of the anisotropic maps to change, potentially dramatically, and
so these alignment maps should hetused as a finganint for other material systems, but
rather an indication of theaviety of behavior to expect even in a relatively simple system.
Increased understandingf crystal growth and alignmemill also allow more complex
treatment including moving beyond the uniaxial simplification in packing behavior as well as

optical constnts. A full tensor treatment of both alignment and optical behavior is a natural

extension of this work
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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 asrthe full energy range.
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An interesting note is that the same calculations can be done for the single material
P3HT (Figure4.9). In this case, the anisotropic ratio is consta 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 alwgs 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 includedstethe sy
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 ahisotropic scattering patterns
observed in organic systems with no morphological anisotidfg/.show that templating
morphology from a heterointerface, created either in the process of phase separation or
nucleated realignment after phase separatiombasred explains the spontaneous breaking
of symmetry in the scattering patte¥de 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 workigs of important devices.

Even showing thatwith the same materials, between the scattering patterns and
anisotropic signals, a myriad of unique morphological information is available. While it is true
that realspace information may guide the choice afdwal, details of the anisotropy present a

unique ability to distinguish between otherwise difficult or impossitdedistinguish
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morphologies and alignments, and give new insight into internal workings of these important
devices.

We have identified sevdravays in which anisotropic signal originating from fibrils
and interfacial alignment diffemterfacial alignment in particular is important to many critical
system propertiedn the future, this model can be usedfitothe 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 extreméeampitstants 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 S1S6 present the results of thlwnte Carloand 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 tlwvalignment shown in the plane of the dtit.
alignment is out of the plane of the cut, it is not shoWrus for edge on morphologies, there
are blank sections, which imply out of the plane alignmienall cases, the aligned phase is
P3HT, and the ungined phase is PCBM, and alignment at the interface is set to full alignment
along the direction of gradienthe exception is for the fibril sample, where creating the fibril
and the alignment map was done in the sar@p, becausalignment is always afg the axis

of the fibril.
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Figure 4-10 Spheres Alignment MapsMatrix
Figure SIi Spheres with Alignment in the Matrix
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Figure 4-11 Spheres Alignment Maps Dipersion
Figure SZ 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
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Figure 4-13 Cylinders Alignment Maps Dispersions
Figure S4i Cylinders with Alignment in the dispersion
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Figure 4-14 Spinodal Decomposition Alignment Maps
Figure S57 Sample morphology created by Latti@oltzmann method of two
symmetric phases demixing.

Figure 4-15Fibrils and Random Alignment Maps
Figure S6 Fibrils, with Alignment along the axis of the fibril
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