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Abstract

Mapping multiscale relationships in soft semiconductor structure and function with
multimodal characterization

by
Jenna Adrienne Uy Tan
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Naomi Ginsberg, Chair

Emerging semiconductors have begun to rival conventional silicon with breakthroughs in
improved performance and novel and affordable processing techniques. As the applications
for emerging semiconductors are explored, there is a clear need to understand the hierarchi-
cal nature of these materials to fully optimize their functionality. Consistently reproducing
the assembly and electronic functionality of organic semiconductors, for example, remains
difficult given their propensity for variable molecular packing and morphology due to weak
bonding interactions. As another case, metal halide perovskite semiconductors demonstrate
intriguing photophysics that may change when confined in nanostructure forms. One tech-
nique alone cannot comprehensively interrogate the repercussions of changes in the molecular
structure to the microstructure, morphology, and ensuing electronic functionality of a semi-
conductor. Only a multimodal characterization approach enables an extensive multiscale
insight into the structure-function dynamics of semiconducting materials and devices.

Chapter 1 first introduces organic semiconductor properties and device applications. Com-
mon thin film processing methods and modification strategies are discussed along with the
formation of crystalline microstructures in thin films. Next, a suite of characterization tech-
niques that span multiple length and time scales are shared to inform on how one may
strategically combine individual techniques to characterize structure, morphology, and dy-
namics.

Chapter 2 describes a multimodal imaging study of organic semiconductor, rubrene, thin
films. Scanning transmission X-ray microscopy reveals and quantifies the disappearance of
orientational discontinuities in a hybrid crystalline microstructure, which is corroborated at
higher spatial resolution with 4D-scanning transmission electron microscopy. In situ polar-
ized optical microscopy during thermal annealing uncovers Arrhenius behavior for rubrene
crystallization and that the finite substrate thermalization rate leads to the formation of the
observed hybrid crystalline microstructure. This study emphasizes the role of temperature



in organic semiconductor crystallization, and highlights the challenges and opportunities for
thin film design protocols.

Chapter 3 focuses on characterizing the anisotropic behavior of inorganic lead halide per-
ovskite (CsPbBrs) nanowires and nanowire bundles. Stroboscopic scattering interferometric
microscopy shows exciton diffusion and trapping in the nanowire bundles. We use tran-
sient absorption microscopy to probe the polarization-resolved excited-state dynamics of the
nanowire bundles. Coupled with polarization-resolved fluorescence, we determine that the
splitting of the band-edge exciton states is driven by the shape anisotropy and a long-range
exchange interaction. This study demonstrates the power of optical pump-probe microscopies
to resolve charge transport and excited-state dynamics in individual structures.

This dissertation highlights the complexities of characterizing soft semiconductor thin films
and nanostructures across multiple length and time scales. Despite the challenges in imple-
menting a multimodal approach, the knowledge acquired about the semiconductors, such as
defects in packing, grain boundaries, and charge carrier dynamics, is invaluable for guiding
future design principles that incorporate semiconducting materials into novel technology.
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Chapter 1

Introduction

Semiconductors beyond conventional silicon offer opportunities for new technology and for
advancing existing ones, such as flexible or stretchable electronics, thin film transistors, and
photovoltaics. Organic semiconductors encompass a vast range of structures, which provides
a rich arena for studying fundamental processes like crystallization, excited-state dynamics,
and device operations. The first half of the introduction chapter covers organic semiconduc-
tor properties, device applications, and thin film processing methods and microstructures.
The second half of this chapter discusses characterization approaches that can be combined
for multimodal studies to probe the structure-function properties of organic semiconductors.

Semiconductors exhibit intermediate electronic conductivity relative to a conductor and
insulator due to the energy band structure. A given energy band contains discrete energy
levels with extremely small energy differences [1]. The semiconductor band structure is
characterized by a small energy band gap (e.g. less than 2 eV) between the so-called valence
and conduction bands, and excitation of sufficient energy promotes a valence electron to the
conduction band [1]. The vacancy of the electron in the valence band leaves behind a net
positive charge that is treated as a quasi-particle called a hole. The hole and electron have
the same charge magnitude but opposite signs, and the electrostatic attraction between the
electron and hole can form another type of quasi-particle called an exciton. Together, holes,
electrons, and excitons are some of the key charge carriers of interest for their diffusion and
mobility properties when quantifying the charge transport properties of a semiconductor.
With this brief explanation of a semiconductor, we next delve more closely into concepts
specific to organic semiconductors as a preface to Chapter 2. The metal halide perovskite
nanostructures of Chapter 3 are introduced within that chapter [2].

1.1 Organic semiconductor properties

Organic semiconductor solids can be formed from either small molecules or polymers, where
polymers are distinguished by their chain length. Typically organic semiconductors are com-
posed of conjugated m-systems, and the overlapping of m-orbitals allows for delocalization of
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the 7 electrons across the aligned orbitals, which can optimally achieve long-range charge
transport [3]. The molecular packing of an organic semiconductor crystal governs the effi-
ciency of charge transport, and variations in the electronic structure, molecular arrangement,
and morphology all contribute to molecular packing [3]. The weak bonding interactions (e.g.,
van der Waals) found in organic semiconductors, lends themselves to being disrupted more
easily than the covalent bonds in inorganic semiconductors, which disrupts the molecular
packing and partially explain the challenges of achieving higher charge mobility in organic
semiconductors.

At room temperature, the charge mobility most likely results from a hopping transport
process [4, 5], where a rate of transfer probability determines the likelihood of a charge
carrier (electron or hole) moving to another site [4, 6]. Two significant parameters that affect
hopping transport are the electronic coupling between adjacent molecules and reorganization
energy, which represents the geometry of the molecules during the charge transfer process [4,
5]. These two factors are highly dependent on the molecular arrangement within an organic
semiconductor crystal, which explains why discussion of molecular packing or arrangement
is often intertwined with charge transport efficiency. Charge transport is often anisotropic
in organic semiconductors and occurs along the m — 7 stacking direction between molecules.

1.2 Organic semiconductor devices

Exploration of organic semiconductors applications for existing semiconductor devices in-
cludes field-effect transistors (FETs) and photovoltaics as a couple of examples. A typical
FET setup from the bottom to the top has a gate, dielectric, semiconductor, and source and
drain in contact with opposite ends of the semiconductor. A voltage applied between the gate
and source forms an accumulation layer of charge carriers at the semiconductor-dielectric in-
terface. The gate voltage also controls the current that flows between the source and drain
to induce or stop current flow, which is why transistors are often used for switching [4]. Some
considerations in the fabrication of organic FETSs include optimizing the size of the organic
semiconductor crystalline domains (e.g., minimizing grain boundaries), finding a suitable
substrate, and determining the order of construction of the transistor to minimize damage
to the organic semiconductor layer [3]. Charge carrier mobility describes the performance
of FETSs, and organic FETs have demonstrated comparable mobilities to amorphous silicon-
based FETs [4]. Continuing research will improve organic FETs for mass production and
increased application, as highlighted by this example of a study demonstrating the growth of
a organic semiconductor (triclinic rubrene) directly onto the substrate for a vertical bipolar
junction transistor that exhibited improved device performance [7].

Organic photovoltaics (OPVs) offer an opportunity to decrease production costs. The
general schematic of a bilayer OPV includes a transparent electrode, two organic light-
absorbing layers, and another electrode [8]. One organic semiconductor layer acts as the
electron donor and the other as the electron acceptor to facilitate electron and hole transport.
The critical steps in OPV performance are the migration of the excitons to the donor-accepter
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interface and their dissociation, so that the separated electron and hole can migrate to their
respective electrodes [8]. The organic semiconductor molecular arrangement and morphology
directly impacts the migration of the excitons, and the electronic structure of the organic
semiconductor also drives the relevant excited-state dynamics involved upon light absorption.
Thus, the future use of bilayer OPVs highly depend on consistent film processing over large
areas and continuing to understand and optimize the exciton dynamics.

1.3 Processing organic semiconductor thin films

Organic semiconductors have weak van der Waals interactions between molecular build-
ing blocks which make them amenable for flexible processing. This flexibility, however, also
hinders consistent fabrication reproducibility given the variety of crystal polymorphs, molec-
ular arrangement, and morphologies that a given organic semiconductor can adopt. I discuss
some of the strategies that others have developed to achieve a desired final film structure,
and some crystalline microstructures encountered in thin film processing.

1.3.1 Processing methods

Conventional thin film fabrication relies on chemical or physical vapor deposition to fabri-
cate high-quality single crystals [9]. Chemical vapor deposition (CVD) uses a chemical vapor
precursor gas that breaks down under specific reaction temperatures to bond to and coat a
substrate [10]. Physical vapor deposition (PVD) uses a solid or liquid precursor that subli-
mates or vaporizes and then condenses onto a substrate [11]. One of the advantages of PVD
is the use of lower temperatures than CVD to coat a substrate [10]. Sometimes vapor de-
position produces amorphous (i.e., glassy, kinetically-trapped) organic semiconductor films,
which offers the opportunity for post-deposition modification to tune the film to optimize
final properties or obtain the desired structure [12-15]. For example, Hiszpanski, A.M. et al.,
accessed three different polymorphs of hexabenzocoronene thin films that each had distinct
molecular orientations by alternating the sequence of thermal and solvent vapor annealing
[12]. Solvent vapor annealing consisted of placing films in a covered solvent reservoir, where
the correct solvent choice carefully induces molecular reorganization and crystallization by
disrupting the Van der Waals forces between molecules and molecular interactions with the
substrate [14]. Other methods that tune film structure include patterning the substrate,
applying external fields (e.g., electric, magnetic, strain), and varying the substrate tempera-
ture [13, 14]. Post-deposition modification offers an additional knob to control crystallinity,
molecular orientation, and packing that cannot be achieved by chemical design alone.
Solution processing organic semiconductors enables inexpensive and low-temperature
printing on flexible substrates, unlocking new ways to incorporate semiconductor thin films in
device architectures. Solution-processing methods can be divided into four categories: drop-
casting, spincoating, printing, and meniscus-guided coating [16]. Dropcasting involves the
evaporation of the solvent to precipitate crystals. Spincoating achieves uniform film thick-
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ness by dropcasting solution onto a substrate that is spun at high velocity. Printing methods
share the ability to facilitate large-area deposition with various ways of spatially depositing
the material; examples of printing include spraycoating and inkject printing. Meniscus-
guided coating techniques, such as the prevalent blade-coating method, center around the
linear translation of a meniscus to guide crystallization alignment [16]. Overall, solution-
processing methods provide facile large-area and scale production opportunities for organic
semiconductors.

The modification strategies for PVD and CVD described above may also be applied for
solution-processing methods. Additional modification strategies for solution-processing can
be categorized based on whether they influence nucleation or crystallization. Strategies to
control nucleation generally impact the barrier to nucleation or its rate, where experimental
parameters such as the surface and interfacial energies, vapor pressure, or the enthalpy of
sublimation contribute to nucleation dynamics [17]. Patterning substrates to define regions
of preferred nucleation or using soluble additives to encourage heterogenous nucleation are
a couple of methods that control nucleation [16]. Modifying crystallization of the films,
however, offers more options and possibilities in controlling film structure. The substrate
temperature, deposition rate or method (e.g., meniscus alignment, directed flow), and surface
chemistry and roughness all influence properties such as crystalline quality, domain sizes, and
film coverage [16]. A combination of solution-processing thin film methods with pre- and
post-modification strategies is shown in Reference [18], where Lee, S.S. et al. employed an or-
ganic semiconductor additive to seed the nucleation of triethylsilylethynyl-anthradithiophene
(TES-ADT) films and systematically change grain sizes as a function of the additive with
spin coating or solvent vapor annealing. While processing organic semiconductor thin films
can be challenging to optimize, a suite of existing and forthcoming strategies addresses these
challenges while providing greater insight into the crystallization of these materials.

1.3.2 Crystalline microstructures

Organic semiconductors form a variety of microstructures and morphologies that depend
on the identity (structure) of the organic molecule and on the processing conditions. The
different microstructures and morphologies influence the final charge transport capabilities
of the thin film. Some general considerations when characterizing these structures and
morphologies include identifying the different crystal polymorphs (i.e., crystal structures)
available to the organic semiconductor, whether the films have amorphous and/or crystalline
regions, and considering the types of grain boundaries and grain shapes induced by the
morphology [19]. Grain boundaries, for example, may impede efficient charge transport by
acting as a trap site or energetic barrier [4, 20]. The ideal thin film consists of aligned,
large area, single crystalline domains that minimize grain boundaries with an electronically
desirable polymorph in order to achieve high charge-carrier mobilities [21]. Since the single
crystalline domains are similar to a 2D plate (not necessarily circular), these type of thin
films can be called a platelet film [22]. A single platelet grain consists of a single crystal with
a specific orientation; however, multiple platelet grains with different crystal orientations can
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share a common nucleus, creating a multiple wedge-shaped platelet pie in appearance [22].
Essentially, platelet films change in structure depending on the number of grain boundaries
in the film, which dictate the size of a single grain and may influence charge transport
capabilities.

Spherulites represent another polycrystalline microstructure distinct from platelet films.
The individual crystallites are typically much smaller, e.g., 10s of nm rather than pym or
even mm platelet grains. They are a ubiquitous polycrystalline circular structure in or-
ganic semiconductor thin films. They demonstrate poorer charge transport capabilities than
their platelet counterparts due to the multiple low-angle grain boundaries [22, 23], but their
charge isotropy may be advantageous for specific applications [24]. Although spherulites are
polycrystalline, their grains are highly ordered and gradually sweep out a full change in 360°
orientation as one follows a circular path about the spherulite nucleus, often with needle-like
crystallites as seen in Figure 1.1 [25]. Spherulites share these common features despite man-
ifesting with a variety of appearances and morphology (Figure 1.1). Although a generalized
theory for spherulite crystallization across materials remains elusive, there are a few common
concepts that may be helpful for understanding spherulites. The driving force for spherulite
growth depends on how supercooled the initially deposited amorphous films are, which is
characterized by the difference in temperature between the melting temperature (7',) of the
material and the growth temperature [25]. As the growth temperature decreases (i.e., in-
creased supercooling), the morphology achieved from annealing changes from single crystals
(closer to T'y,) to spherulites [25]. Most materials follow this trend; however, spherulites
can also grow near the T',,. Consequently, the relationship between molecular translational
and rotational diffusion, which drives crystal growth, depends on the supercooling regime.
Close to the glass transition temperature and at increased supercooling, translational and
rotational diffusion decouple. [25].

Non-crystallographic branching has been proposed as the mechanism that underlies the
space- and orientation-filling distribution of spherulites [25, 26]. Essentially, new branches
at the growth front have a slight misorientation relative to the parent branch, and the ac-
cumulation of misorientations with new branches lead to the spherulite formation [26]. The
cause for the slight misorientation of the new branches is still contested, where response to
internal stress of the crystal is one suggestion [25]. Simulations that account for various
aspects of spherulite growth such as kinetic and interfacial free energy, diffusion, and non-
crystallographic branching reproduce a variety of spherulites [26], but high-resolution imag-
ing of spherulite crystallization will corroborate the simulations and provide further insight
into the cause for spherulite growth mechanisms. Brendan Folie, a previous group member,
expands upon spherulite crystallization and simulations specific for rubrene spherulites in
his thesis [27].
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Figure 1.1: Morphologies of spherulites in thin films under polarized optical microscope. Examples
of different types of fibers: straight (a,d,e), bent (b,c), twisted (d,e). Spherulites formed from
(a—d) hippuric acid at 170, 80, 90, and 75-85°C, respectively, and (e) resorcinol containing 10 wt
% tartaric acid at 21°C. Reprinted with permission from Reference [25] Shtukenberg, A.G., Punin,
Y.O., Gunn, E. and Kahr, B., Spherulites. Chemical Reviews, 2012, 112(3), 1805-1838. Copyright
2012 American Chemical Society.

1.4 Multimodal characterization

Multimodal characterization provides an opportunity to study how the hierarchical organi-
zation of heterogeneous material impacts functionality. Combining different characterization
modalities overcomes any individual technique’s limitations (e.g., spatial resolution, chemical
specificity, dynamics) to construct a complete understanding of structure-function properties.
Multimodal characterization approaches can be classified by the degree of spatial correlation
across datasets, which can help assess the benefits and challenges to address in experimental
design [28]. One type to consider is the combination of imaging data and macroscopic (non-
image) measurements (e.g., optical microscopy with X-ray scattering), where an established
relationship between the two datasets informs on properties like the identity of the mate-
rial. Here, the key challenge is to construct the relationship rather than spatially correlating
two image datasets since one of the datasets is not an image. Another type of multimodal
characterization is when two different imaging modalities probe different spatial regions. In
this case, the datasets can be directly compared only if the sample is known to be spatially
uniform, or if there is a sufficient amount of data from both modalities to inform on the
average spatial features and then conduct a comparison. A third type of multimodal char-
acterization is when different types of imaging datasets are taken of the same spatial regions
so that they directly correlate with one another. Co-registration of the images is executed to
correlate the data, so that for a given spot, one can extract multiple types of properties found
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from the different modalities. A fourth type of multimodal characterization occurs when the
different modalities are spatially incongruent, such as surface imaging and volume imaging.
In this case, the main difficulty is establishing the relationships or conditions that determine
whether the images can be combined (e.g., how can a 2D dataset map onto a 3D dataset?)
[28]. This is a subtle distinction from the first type of multimodal characterization since
the modalities involved both offer spatial resolution. Despite the challenges of synthesizing
different characterization modalities and resolving dataset interpretation, the multimodal
approach provides powerful insight that deciphers the intricate properties of materials.

The following sections highlight characterization techniques used in the dissertation.
These techniques span the A, nanometer, and micron length scales to probe the crystal
structure and mesoscale morphology or microstructure of organic semiconductor thin films.
The techniques are also capable of capturing dynamics that resolve processes as disparate
as structural formation and charge transport. Together, these modalities span enormous
lengths and time scales and provide a powerful perspective into the physical and energetic
landscape. Many of these characterization techniques induce radiation damage in soft ma-
terials like organic semiconductors, given their weak bonding interactions, so mitigation
strategies are also discussed throughout the thesis (e.g., reducing exposure time or flux, ro-
tating the sample, cryogenic conditions), and non-invasive optical approaches serve as an
important complement.

1.4.1 X-rays and electrons

To probe the molecular length scales of materials, X-rays and electrons are used since they
can achieve wavelengths on the nanometer to picometer length scales. X-rays have wave-
lengths between 0.1 - 10 nm; electron wavelengths (A) depend on the accelerating voltage,
which can be calculated by the de Broglie equation: A\ = h/p, which shows that wavelength
is related to the Planck constant A and momentum p. Momentum can be expressed as
p = V2mK with the mass of the electron (m) and the kinetic energy K written in energy
units electron volts using the accelerating voltage (e.g., one keV of energy for one elec-
tron accelerated by 1 kV). The relationship between K and p stems from K = %va and
p = muv, where v is the electron velocity. More precise calculations of electron wavelength
for high-energy electrons modify the de Broglie equation by accounting for relativistic effects
[29]. X-ray and electron-based techniques unpack similar information about materials, such
as crystal structure and molecular arrangement, orientation, strain, and even surface mor-
phology. However, differences in their interactions with matter and experimental conditions
often determine the choice of the technique. For example, the strong interaction of incident
electrons with the sample’s atoms and electrons leads to sample damage for soft materials,
and the multiple signals that arise from the interaction may obscure the signal (e.g., in-
elastic phonon scattering background) [30, 31]. X-rays do not directly provide information
on phase, unlike electron-based techniques (although high-resolution microscopy is needed),
and require additional analysis to retrieve the phase [32]. Transmission electron microscopy
(TEM) requires very thin samples on electron-transparent substrates, while sample param-
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eters for X-ray measurements are not as restrictive but depend on the technique. TEM can,
however, provide both real-space images and diffraction information simultaneously. These
are but a few examples of considerations for choosing electron or X-ray measurements, and
further discussion can be found in references [30] and [33] as a starting point.

I now briefly describe the X-ray and electron characterization techniques used for work
in this dissertation, although this description is not meant to be exhaustive in breadth and
scope of the world of X-ray and electron characterization and their underlying principles.
Reference [34] was invaluable for an overview of X-ray techniques and their relationships
with one another, and Reference [35] describes in more detail the underlying fundamental
principles of X-ray techniques.

X-ray scattering and microscopy

Grazing incidence wide-angle X-ray scattering (GIWAXS) helps determine the crystallinity
(or order) of a film and its crystal structure, measure the lattice spacing in the crystal struc-
ture, and estimate the crystalline grain size or coherence length [34]. In grazing incidence
geometry, the incident X-ray scatters close to below the critical angle («) of the substrate,
which is the angle below which the X-ray exhibits total external reflection, to probe the film
surface (Figure 1.2) [34, 36]. Adjusting the incident angle so that it is slightly higher or lower
relative to the film surface, while staying below the critical angle, changes the penetration
depth of the X-ray such that it scatters either into the bulk or along the surface [34]. The
critical angle can be calculated from the X-ray refractive index contrast between the film
and air or scattering length density [36], but an online calculator such as the one available
from The Center for X-ray Optics [37] computes the angle for elemental substances and is
often used as a starting point.

The magnitude of the scattering vector is ¢ = (47 /\) sin(f), where A is the X-ray wave-
length, and the scattering angle is 26. The X-rays must scatter off of the lattice and meet the
Bragg condition to constructively interfere: ¢ = 2m/dpy where djy; represents the distance
between adjacent planes designated by Miller indices h, k, [ [34]. A detector (typically 2D)
captures the constructively interfered X-rays as a strong intensity peak that represents the
position of the lattice in reciprocal space from which the real-space unit cell is reconstructed
[34]. The shape of the peaks qualitatively describe the crystalline orientation of a film. Ran-
dom orientations of crystallites yield an arc, while highly ordered films produce diffraction
spots (Figure 1.3a-b, respectively) [34, 38]. When there is a distribution of preferred orien-
tation (e.g., prefer out-of-plane but isotropic in-plane), the diffraction spot appears smeared
with a smaller arc shape (Figure 1.3c).

Understanding the effect of processing conditions on crystallinity and ordering is a rou-
tine question in GIWAXS measurements. For example, in a comparative study before and
after thermal annealing at 140°C for semiconducting polymers PQT-12 and PTTT, post-
annealing diffraction patterns suggested increased crystallinity in the polymers as exhibited
by the additional higher-order and mixed peaks including some from the polymer backbone
[39]. In another study, the polymer backbone orientation changed based on the substrate
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Figure 1.2: GIWAXS setup and Bragg’s law illustration. The incident X-ray scatters off the sample
at an angle o and onto a 2D detector to generate a reciprocal-space plot of ¢, and ¢.,. The Bragg
condition for constructive interference is illustrated with example lattice planes below the sample
in the GIWAXS setup. The distance between the detector and sample determines wide-angle
scattering mode, which probes smaller real-space length scales than small-angle scattering mode
(detector-to-sample distance is larger).

temperature during the friction-transfer process, where the backbone exhibited m-stacking
out-of-plane at lower substrate temperatures and w-stacking parallel to the substrate at
higher temperatures [14]. GIWAXS also provided evidence of isomer mixtures inhibiting
crystallization to maintain a glassy condition for organic semiconductors [40], and in a dy-
namic measurement, diffraction snapshots of a polymer solution blend drying after dropcast
revealed the crystallization stages of the different polymers [41]. Dynamic measurements
offer powerful insight into the crystallization dynamics on time scales as short as seconds,
which increase understanding of structural formation. GIWAXS offers essential insight for
tuning molecular structure to control resulting function.

Although conventional X-ray scattering typically averages over the sample, the X-ray
beam can be focused to sizes smaller than 10 um to better probe heterogeneous or polycrys-
talline samples. Microdiffraction relies on focused X-rays to obtain diffraction patterns with
high spatial resolution by raster scanning the sample on a stage and collects the scattering
with an area detector [42, 43]. To achieve a focused X-ray, reflection, diffractive, or refractive
X-ray focusing optics must be used [35, 43]. A common reflection geometry to focus the X-
ray beam relies on Kirkpatrick-Baez mirror pairs, which are two curved mirrors set at right
angles relative to each other to focus the beam in both horizontal and vertical directions [35,
43]. An advantage of using reflective X-ray optics is their achromaticity, which is valuable
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Figure 1.3: Tlustration of relationship between crystallite orientation and diffraction peak shape.
(a) Random crystallite orientation yields smeared arc-like diffraction peaks. (b) Semi-oriented
distribution of crystallites with preferential direction, such as out of plane, have less pronounced
arc shapes. (c) Highly oriented crystallites produce spots. Colors correspond with peak intensity
with red being more intense than green and blue. Cartoon adapted from Figure 11 in Reference
[34].

for microdiffraction since data can be collected with both mono- and polychromatic X-rays
[43].

Choosing between monochromatic and polychromatic microdiffraction measurements de-
pends on the sample properties. If the polycrystalline sample’s grain size is smaller than
the beam (i.e., nanocrystalline), a monochromatic X-ray is typically used and provides a
powder-like diffraction pattern of rings, where the rings appear continuous for randomly
oriented crystallites [43]. The crystal structure, phase, stress, and strain can be obtained
from a monochromatic microdiffraction measurement [43]. If the sample’s grain size is larger
than the beam, a polychromatic X-ray can be used and yields a Laue diffraction pattern
that is a result of overlapping diffraction patterns from all crystallites in the X-ray path
[43]. A significant advantage of polychromatic Laue diffraction is that the Bragg condition
is met for different reflections simultaneously, which obviates the need for sample rotation
[42]. Crystallite orientation, deformations or defects, and strain are found from polychro-
matic Laue diffraction patterns [43]. Both polychromatic and monochromatic X-rays can be
used for a given sample, where a polychromatic measurement can help determine specific
X-ray wavelengths of interest to further probe. Ultimately, microdiffraction provides the
opportunity to spatially map information about crystallization, orientation, or deformation
in a material which greatly augments other characterization methods.

X-rays not only measure the crystal structure in reciprocal space but can also be used
to generate real-space images. Scanning transmission X-ray microscopy (STXM) employs a
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Figure 1.4: General STXM setup. Incident X-rays are focused by a zone plate and first-order
X-rays pass through the order sorting aperture onto the sample as it is raster scanned. The X-ray
detector records the transmission intensity, and a photoelectron detector may also be considered
to simultaneously collect emitted electrons from the surface. Reprinted with permission from [34]
Rivnay, J., Mannsfeld, S.C., Miller, C.E., Salleo, A. and Toney, M.F. Quantitative determination
of organic semiconductor microstructure from the molecular to device scale. Chemical Reviews,
2012, 112(10), 5488-5519. Copyright 2012 American Chemical Society.

focused X-ray beam tuned to the desired X-ray wavelength that generates an elemental com-
position map based on differential absorption. Effectively, STXM combines microscopy and
spectroscopy together. We can understand the principles of X-ray absorption through near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy. In NEXAFS spectroscopy, the
absorption intensity of excited core electrons near the photoionization threshold is recorded
as a function of soft X-ray energy, typically 100 - 1000 eV (the hard X-ray counterpart is
known as X-ray absorption near-edge structure, XANES) [34, 44]. The resulting absorp-
tion spectra features the elemental absorption edges found in the sample and contain fine
structure information that encodes local bonding and chemical bonding environments and
molecular orientations [44]. For organic semiconductors, the transition from the carbon 1s
edge to the 7* resonance is a significant reporter on molecular orientation given the strong
resonance due to the highly conjugated system [34]. Using a linearly polarized X-ray will un-
cover the orientation, where orientations parallel to the X-ray polarization manifest as peaks
in the NEXAFS spectrum (e.g., out-of-plane X-ray polarization will be resonant with out-
of-plane 7 orbitals) [44]. In a STXM experiment, the NEXAFS spectrum is often collected
first to determine X-ray energies of interest for mapping purposes.

In a typical STXM setup, the linearly polarizable and tunable X-ray is focused by the
zone plate, which is a key diffractive X-ray optic so that STXM images achieve spatial
resolution as small as 25 nm (Figure 1.4) [45]. The zone plate has alternating transparent
and opaque rings or zones, where the outer width dictates the resolution [35]. The polarized
X-rays that pass through the transparent zones constructively interfere, and only the first-
order X-rays pass through the order sorting aperture so that contrast is maximized when the
polarized X-ray is focused onto the sample. The sample is raster scanned, and absorption as a
function of position is collected at the detector. Other detection modes in a STXM geometry
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include fluorescence (the emission of radiation) to generate another type of elemental map,
or photoelectron emission, which informs on surface composition and chemistry [35]. The
composition maps obtained from STXM characterize heterogeneity in samples like organic
semiconductor films such as determining the extent of phase segregation in blends [34].
Studies that use multiple X-ray polarizations for a given sample can yield maps describing
grain and domain orientation [34]. STXM is a powerful tool that provides a nanoscale view
into the chemical landscape of a given material.

4D-scanning transmission electron microscopy

Transmission electron microscopy (TEM) routinely characterizes samples on the nanometer-
to-subnanometer length scales [38]. Electrons scatter, absorb, or diffract off of the sample,
which produce real-space morphological images (however, only 2D information), information
on elemental compositions, or diffraction patterns [38]. TEM has been instrumental in
clarifying organic molecular film properties such as grain size, connectivity, and crystalline
order [34]. A general TEM setup has an electron gun producing monochromatic electrons
that are focused by two condenser lenses that control the size of the beam incident on the
sample [46]. An aperture filters out unwanted high-angle electrons to minimize unwanted
scattering in the image formation. The beam transmits through the sample and is enlarged
with lenses before it strikes the image screen.

In conventional TEM, a parallel electron beam transmits perpendicularly through the
sample. A recent and expanding variation of TEM is 4D-scanning TEM (4D-STEM), where
the electron beam is focused at high angles to converge at a focal point with spot sizes as
small as 0.5 - 50 nm in diameter [47, 48]. The probe is rastered across the sample, and a
2D-diffraction pattern from scattered electrons is collected at each point in the 2D grid -
hence the 4D designation (example shown in Figure 1.5) [49]. 4D-STEM is often used to
generate crystalline orientation and strain maps and can measure phase contrast [49].

Advances in electron detector technology facilitated the implementation of this powerful
technique. In particular, detectors for 4D-STEM measurements need to match the scanning
rate of the probe, which only dwells on a given spot on the order of us to ms, and measure
both high and low intensity signals simultaneously [49]. Hybrid-pixel array detectors are
typically used in 4D-STEM experiments for their single electron sensitivity, fast acquisition
and readout speeds, and dynamic range [49, 50]. Additionally, aberration-corrected TEMs
supported the growth of 4D-STEM to achieve higher spatial resolutions, but this is not
necessarily a requirement [49, 51]. As the next-generation electron detectors become more
accessible, 4D-STEM is likely to grow in accessibility, too, but some of the subsequent
challenges to address for 4D-STEM experiments focus on large data management acquisition
and developing computational infrastructure for data processing and analysis [49, 52].

Conventional TEM has limited application for organic molecule samples due to electron
beam damage and low contrast [34]. Sample preparation is also challenging because organic
semiconductor film processing conditions may need adjustment in order to fabricate films
thin enough for electron transmission. 4D-STEM demonstrates strong potential for imaging
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Figure 1.5: Representation of 4D-STEM measurement with orientation map. In 4D-STEM, a
scanning electron probe collects a 2D-diffraction pattern at each spatial point. The diffraction
pattern can inform on properties such as crystal orientation and be translated into an orientation
map shown by flowline colors. Reprinted with permission from [48] Bustillo, K.C., Zeltmann,
S.E., Chen, M., Donohue, J., Ciston, J., Ophus, C. and Minor, A.M. 4D-STEM of beam-sensitive

materials. Accounts of Chemical Research, 2021, 54(11), 2543-2551. Copyright 2021 American
Chemical Society.

organic molecule samples with the growing curation of experimental parameters that can be
controlled to mitigate damage and enhance contrast. Examples include cooling the samples
only during electron irradiation, optimizing the probe convergence angle to boost the signal,
controlled electron fluence, and the use of an electron camera [48]. Advances in data analysis
treatment of 4D-STEM data, such as more robust calculation methods to determine the
orientation of diffraction patterns [53, 54], also greatly improve the opportunities to study
sensitive and more complicated polycrystalline samples. 4D-STEM will mature as an effective
characterization technique with very high spatial resolution for organic semiconductor films.
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Figure 1.6: Leonard-Jones potential for AFM tip-sample interaction. The Leonard-Jones potential,
U, = 4Up|( %12 — %6)], (black) approximates the repulsive (blue) and attractive (red) interactions
that describe sample-tip interactions in AFM. U is the potential, Uy is the minimum potential, R,
is the distance at which U is 0, and r is the distance between atoms. Repulsive interactions are
proportional to 1/r!2, while attractive interactions are proportional to 1/r%. Uy, or also when the
force gradient is zero, delineates the regimes for attractive or negative interactions (forces). Figure
adapted from Reference [55].

1.4.2 Scanning probe microscopies

Atomic force microscopy

Basic atomic force microscopy (AFM) maps the surface topography on the nanoscale (i.e.,
10 - 100 nm) based on the surface-tip interaction. The Lennard-Jones potential, generally
describes the forces involved in these surface-tip interactions that produce AFM images as
shown in Figure 1.6 [55]. When the tip is close to the surface and the distance is comparable
or smaller than a chemical bond, repulsive forces due to electrostatic repulsion and Pauli
exclusion occur between the atoms of the tip and sample. As the r separation increases to
be longer ranged, van der Waals forces describe the fluctuating dipole attraction between
the sample and tip. At and beyond a certain large sample-tip distance, there is no force
between the sample and tip. Consequently, these changes in force that bend the cantilever
attached to the tip and can be mapped to the surface topography.

The beam deflection method is a common way of capturing the deflection of the cantilever.
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In this AFM configuration, a laser reflects off of the back of the cantilever onto a detector.
To illustrate the mechanics, we start with contact mode operation. This mode of AFM
maintains a constant force between the surface and tip, which requires a constant deflection
of the cantilever (that can be described by Hooke’s law) [55]. As the tip scans over the
surface and encounters variations in topography, the sample-tip force changes, which alters
the cantilever deflection, too. In order to maintain the original deflection and force, the
electronics adjust the sample-to-tip distance accordingly. Simultaneously, the laser position
on the detector changes as the cantilever shifts, which translates into AFM data. In contact
mode the tip is in contact with the sample (thus operating in the repulsive regime), which
means that sample damage is more likely if a soft tip is not used [55].

Now that we have discussed the beam deflection method using contact mode to demon-
strate its operation, we continue with the most common choice for AFM under ambient
conditions — tapping mode. The tip only intermittently contacts the surface as the can-
tilever oscillates close to its resonance frequency [55] with a large amplitude. The detection
feedback loop relies on changes in the amplitude of the oscillation as the sample-tip inter-
action changes. A harmonic oscillator model approximates the dynamics involved, where
we can relate the important quantities of frequency (w), amplitude (A), phase (¢), and dis-
tance (d) as z = Acos(wt + ¢). Phase change can be mapped as a free signal (not used
for feedback) when energy losses (in air or liquid) dampen or cause a delay in oscillation
[55]. Tapping mode avoids sample damage issues due to the tip’s intermittent contact, yet,
also provides high resolution of a variety of landscapes including those of soft materials like
organic semiconductors.

We have barely scratched the surface of AFM’s capabilities and suggest reference [55]
for a comprehensive review. Although AFM can only probe the surface of a material,
it is an extremely versatile technique that can also report on the chemical, mechanical,
and electrical properties of materials on the nanoscale [56-59]. For example, conductive
AFM on 2,8- difluoro-5,11-bis(triethylsilylethynyl) anthradithiophene (diF-TES ADT) and
poly(triarylamine) (PTAA) blend films demonstrated that a 50% blend of diF-TES ADT:-
PTAA achieved similar charge transport efficiency at low temperatures as pristine diF-TES
ADT, yet, also achieved increased carrier mobility [57]. When AFM is combined with other
characterization or imaging techniques, such as mapping the transient absorption spectra of
TIPS-pentacene microcrystals with their topography [59], we gain unparalleled insight into
how surface morphology impacts structure-function properties.

Infrared scattering-scanning near-field optical microscopy

Infrared scattering scanning near-field optical microscopy (IR s-SNOM) leverages the nano-
scale resolution afforded by AFM and adds chemical specificity. In addition to the laser that
reflects off the back of the cantilever, a broadband and wavelength-tunable laser scatters
off of the AFM tip itself, which generates a localized near-field enhancement around the tip
and the sample [60]. In the simplest form of IR s-SNOM, elastic scattering is the optical
contrast mechanism measured interferometrically so that changes in amplitude and phase
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of the scattered light are tracked [60-62]. Other properties encoded in the optical response
of the sample that influences the elastic scattering include the absorption coefficient and
optical refractive index [61]. These properties are encoded in the IR spectra, which can lead
to information about chemical identity, local ordering, or intra- and inter-molecular coupling
as a function of space on the nanoscale [63].

1.4.3 Optical microscopy

Optical microscopy non-destructively visualizes materials on the micron-to-sub-micron length
scale with a large field of view. This quickly helps to assess general features such as shape
and domain sizes. Optical microscopy also provides indirect orientation information through
color contrast when crossed-polarizers are used to study optically anisotropic crystalline
materials. First, unpolarized light passes through the first polarizer and becomes linearly
polarized; then it transmits through the crystalline sample. Anisotropic materials have a
range of refractive indices that varies with orientation [64]. If the linearly polarized light
is parallel to the fast or slow axis of the (birefringent) material, the incident light’s optical
properties remain the same as it transmits the sample. The second polarizer (i.e., analyzer),
however, is oriented orthogonal to the first polarizer. Subsequently, the transmitted polar-
ized light that passes through the sample will not pass through the analyzer, which leads to
a dark field by eye. Now, if the linearly polarized light is not parallel to the fast or slow axis,
then the light is split into two wave components that are perpendicular to one another with
different velocities. They become out of phase with respect to one another but recombine
through constructive and destructive interference through the analyzer. The final result is
that the sample appears bright by eye with some color if using incident white light [64].
Since maximum brightness occurs when the slow axis of the crystal is either 45° or 135°,
we cannot distinguish orientation without an additional retardation plate, compensator, or
Normarski prism that sandwiches the sample [65]. Hattori, Y. and Kitamura, M. proposed
finding crystal orientation of organic monolayer islands without additional components by
recording the contrast as a function sample stage rotation under crossed-polarizers [66]. The
authors determined the optimal angle at which the pre-sample polarizer should be set rel-
ative to the fixed post-sample polarizer and the wavelength that maximized the contrast
between # = 45° and 135°. This required the statistics of many islands, however, and may
prove to be a little more challenging for more polycrystalline samples.

1.4.4 Absorption and fluorescence

Bulk absorption and fluorescence measurements provide key information on the electronic
structure of a material. We often use them to identify electronic transitions to excite or probe
with other pump-probe techniques, and they also help with experimental design choices such
as sample concentration or impact of solvent. Of course these techniques can be modified
such that the measured information contains polarization dependence, time resolution, and
even spatial resolution. For example, time-resolved fluorescence (or photoluminescence, PL)
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tracks the PL decay of a sample. The PL lifetime informs on the kinetics of a molecule and
related dynamics such as energy transfer. Probing the sample with polarized light augments
absorption and fluorescent data to learn about the transition dipoles of a molecule and
properties like rotational mobility. When a microscope images absorption and fluorescent
information in materials, electronic properties can now be spatially mapped and resolved.
Confocal fluorescence microscopy is one of the most significant techniques to unlock this
information, where only emission that is confocal to the detector pinhole generates the final
image with reduced background emission (Olympus citation). As an example of the rich
information that can be discovered through absorption and fluorescence spectroscopy, Irkhin,
P. et al. identified the vibrational modes responsible for a vibronic progression observed in
the absorption and emission spectra of rubrene single crystals [67]. They also found that
absorption and emission occurred most strongly in the out-of-plane crystal axis.

1.4.5 Pump-probe microscopies

Transient Absorption Microscopy

Transient absorption microscopy (TAM) combines ultrafast pump-probe spectroscopy with
an optical microscope to spatially resolve excited-state dynamics of materials. The pump
pulse is set to a specific wavelength to induce a specific absorptive transition, and the response
is measured by the change in absorption or transmission of a white light (or single-color)
probe pulse [68]. Conventional TA spectroscopy beam spot sizes are typically on the order
of hundreds of microns, which spatially averages the signal. By focusing the pump through
an objective in TAM, the spot size decreases by an order of magnitude to several microns or
even nanometers in diameter instead.

Figure 1.7 provides a simplified schematic of our TAM setup to further explain some key
aspects of TAM (Appendix A of Brendan Folie’s thesis [27] contains a complete explanation
of the TAM setup). The chopper wheel in the pump beam path rotates at a frequency to
alternatively block and allow passage of the pump pulse so that the final measured signal is
the change in probe intensity (or optical density, OD) with the pump “on” and “oft’: AOD =

ATT = Toump_ ":‘m s °f where T is the transmitted probe intensity. The polarization-
dependence of thg signal can be obtained by changing the polarization of the pump or probe
with a polarizer. A half-wave plate could be used to control the beam power, and the
second half-wave plate in Figure 1.7 in the probe line after the polarizer ensures that the
probe polarization can be changed without changing the power. Both the pump and probe
reflect off of retroreflectors to eliminate dispersion or chromatic aberrations. The pump
retroreflector is set on a delay stage to change the delay between the pump and probe, which
is how the change in probe intensity can be measured as a function of time on the ps - ns
timescales. The pump and probe respectively reflect and transmit through a beamsplitter so
that they are collinear through the first objective as it focuses them onto the sample. The
pump and probe pass through a second objective for recollimation after the sample, and the
pump is filtered out. The probe is then dispersed by a diffraction grating and imaged onto
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Figure 1.7: Simplified depiction of Ginsberg group TAM setup. The white light probe is generated
by a Cag crystal. Beamsplitter is shown as diagonal white rectangle. Optics abbreviations: WP
= half-wave plate, Pol = polarizer, Obj = objective, LED = LED light, CMOS = complimentary
metal oxide semiconductor camera. The light source is not shown; an oscillator and regenerative
amplifier produce an 800 nm pulse that is used for both the pump and probe pulses. The wavelength
of the pump pulse can be tuned by an optical parametric amplifier or BBO crystal in the visible
wavelength regime. The pump pulse achieves ~100 fs resolution.

a line scan camera. An optical image of the sample can be captured by an LED light and
CMOS camera with mirrors on flip mounts.

There are three processes that lead to the most common TA spectral features after
pump excitation (Figure 1.8). First we consider when the probe interacts with molecules
that have been excited by the pump. One probe interaction induces further excitation of
a molecule to a higher lying energetic state, which manifests as a positive optical density
feature called an excited-state absorption (ESA) feature, which is a type of photoinduced
absorption (PTA). Second, the probe could induce relaxation of the molecule in the form of
stimulated emission (SE), which manifests as a negative optical density feature. Finally, we
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Figure 1.8: Ilustration of TAM signal and spectral features. On the left, the energy diagram
illustrates probe interactions with state populations after pump excitation. Empty circles represent
a depleted state, and filled circles represent that the state has a population. On the right is a cartoon
of the corresponding spectral features that emerge after pump excitation.

consider the transmission of the probe through a depleted ground state, which results in a
negative optical density feature called the ground state bleach (GSB). Data can be plotted
as a 2D color plot with multiple time delays (time on the vertical-axis and wavelength on
the horizontal-axis), and we can take slices of this plot to look at specific time delays for
comparison. The evolution of spectral features over time and their kinetic information are
of interest to understand the dynamics at hand.

TAM probes spatial heterogeneity in order to understand how material morphology influ-
ences the charge carrier and exciton dynamics in a material [69]. For example, Wong, C.Y. et
al. demonstrated that solution-cast films of 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthra-
dithiophene (diF-TES-ADT) exhibited a wide range of heterogeneity in the crystalline ori-
entation of domains based on the distribution of time constants from polarized TAM [70].
Another example from Yuan, L. et al. found that better interlayer coupling and contact
between WSy and graphene led to faster charge transfer, where better coupling exhibited
a single-exponential decay with a time constant of ~3 ps [69, 71]. TAM will remain an
invaluable technique for spatially-resolving excited-state dynamics on ultrafast time scales,
and further improvements, such as higher spatial resolution, or coupling the electronic in-
formation with vibrational probes, will expand its capabilities [69].

Stroboscopic scattering microscopy

Stroboscopic scattering microscopy (stroboSCAT) relies on changes in the index of refraction
as the imaging contrast instead of absorption as in TAM. A confocal visible-light pump
photoexcites a spot on the sample, which generates energy carriers, and a time-delayed
wide-field probe that is spectrally shifted away from the band edge (to only track changes in
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the index of refraction) illuminates this spot [6, 72]. The probe interacts with the locations of
the energy carriers, and this scattered light interferes with the backscattered probe reflection
from the sample-substrate interface [6, 72]. A CMOS camera captures this probe interference
to generate a varying contrast profile mimicking the carrier density profile. Recording an
image at a series of time delays provides the evolution of carriers, which often includes
both expansion of the distribution (transport) and decay. The data can also be spectrally
resolved to further inform on the spectral changes that accompany the excitation population
dynamics [72]. Since the imaging contrast mechanism is the change in index of refraction,
stroboSCAT probes any type of energetic carriers regardless of optical properties in a wide
variety of materials and in three dimensions [72]. For example, the mechanism of energetic
carriers diffusing across crystalline domains was captured by stroboSCAT, where the image
contrast changed depending on whether the carriers approaching a grain boundary were close
to the surface or below the surface in polycrystalline methylammonium lead iodide films [72]
Essentially, stroboSCAT can be used as a universal spectroscopic imaging modality capable
of mapping in situ dynamics in heterogeneous landscapes on the nanometer-to-micron scale.

1.5 Remaining chapters overview

Chapter 2 describes the synthesis of polarized X-ray, electron, and polarized optical micro-
scopies to quantify the observation of a hybrid crystalline microstructure in rubrene thin
films. We ascribe the existence of the hybrid microstructure to a finite rate of substrate
temperature rise. Supporting measurements using scanning probe microscopy and X-ray
scattering are also discussed along with future directions for experiments such as charge
transport and comparative studies.

Chapter 3 explores the anisotropic behavior of inorganic lead halide perovskite nanowires
with stroboSCAT, TAM, absorption microscopy, and polarized fluorescence. The exciton
diffusion dynamics were mapped and observed the anisotropic band-edge electronic structure,
which are consistent with the shape anisotropy and long-range exchange interaction.

These chapters together demonstrate the strength of multimodal characterization in offer-
ing remarkable insight on multiple length and time scales on the structure-function properties
of semiconductors.
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Chapter 2

Multimodal characterization of
crystal structure and formation in
rubrene thin films reveals erasure of
orientational discontinuities

2.1 Introduction

Organic semiconductor films form a variety of microstructures that facilitate or inhibit elec-
tronic device functionality. For example, disordered grain boundaries in polycrystalline films
and high-angle molecular orientation mismatch at such boundaries often correlate to poorer
charge transport in thin film transistor geometries [23, 73, 74]. Processing-structure studies
[17] provide guidelines for tuning structural order such as molecular orientation and crys-
talline grain size [75]. These studies are most effective at achieving a desired microstructure
when both control of processing conditions and an understanding of the microstructure for-
mation process can be developed.

Rubrene has one of the highest charge carrier mobilities of organic semiconductors at 20
cm?/(V-s) in single crystal form and has been extensively studied for thin film applications
[76, 77]. Depending on annealing conditions of an initially deposited amorphous film, rubrene
can crystallize into different morphologies. At lower temperatures rubrene forms platelets, a
collection of larger single-crystalline domains characterized by their wedge shapes that share
a common nucleus, as shown in Figure 2.1a. At higher temperatures rubrene crystallizes into
spherulites, polycrystalline macrostructures (Figure 2.1b), whose many nanoscale crystallites
are ordered with their orthorhombic b-axes pointing outward from a single nucleus, so that
the crystal orientation gradually rotates about the nucleus. The electronic functionality of
rubrene and other thin film organic semiconductors depends strongly on the structure at
multiple length scales. Deterministically relating bulk outcomes like charge transport to mi-
crostructures such as platelets and spherulites ultimately requires structural characterization
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at multiple scales and proper correlation of the obtained characteristics.

Unfortunately, fully characterizing organic thin film microstructure and its formation is
challenging precisely because it involves multiple characteristic scales, which would invoke
multiple different techniques that need to be referenced to one another. Microstructural
characterization of complex polycrystalline structures can involve techniques that span in-
frared to X-ray photons or employ scanning probe or electron capabilities [78, 79]. For
example, polarized optical microscopy (POM), as shown in Figure 2.1a-b, offers qualitative
visualization of crystalline films on the tens to hundreds of micron length scales. Viewing
films through crossed polarizers provides indirect orientation information through variations
in intensity hues and is an accessible and non-destructive characterization technique. In
addition to capturing static images of films, POM can also record the evolution of structure
in films at the macroscopic level, for example, in situ during film processing.

Polarized scanning transmission X-ray microscopy (STXM) generates elemental composi-
tion maps based on the transmission of the focused polarized X-ray beam through a rastered
sample. Generally, STXM offers sub-micron to tens of nanometer resolution, where the X-
ray probe size is on average 50-100 nm but can achieve down to 25 nm resolution depending
on the zone plate used [45]. By imaging the same region in a crystalline film with different
X-ray polarizations, it is possible to also acquire a local crystal orientation map with polar-
ized STXM. Polarized STXM provides nanoscale morphological characterization that is also
sensitive to the electronic and chemical structure of the material [80-82].

Conventional transmission electron microscopy (TEM) produces an image on a pixelated
detector with an electron beam that passes through the sample with potentially higher
resolution than optical microscopy and STXM. An electron diffraction pattern acquired from
a region within the sample elucidates crystal structure [83]. Four-dimensional scanning TEM
(4D-STEM) builds upon standard TEM by measuring a full diffraction pattern at each point
in a sample using a scanning electron probe that is 0.5 - 50 nm in diameter. By comparing
each diffraction pattern to a library of templates, the orientation of a crystalline grain can
be calculated and mapped onto its respective field of view [54]. 4D-STEM quantitatively
uncovers defects or anomalies in crystal structure packing and orientation [48, 84].

Despite the complementary scales and value of accessing information from each of these
forms of imaging, combining the information self-consistently has remained challenging. The
most significant barriers revolve around correlating sample measurements across modalities
and developing the resultant data analysis workflow, which includes co-registering measure-
ments, relating different spatial regions across measurements, and processing data across
different dimensions [28]. Organic films, as relatively soft materials, are particularly sus-
ceptible to damage or irreversible chemical change and require a non-trivial investment in
optimizing acquisition parameters to avoid sample destruction, especially with X-ray and
electron microscopies. Furthermore, each technique typically requires different substrates or
film thicknesses that must be accommodated self-consistently in order to correlate each form
of image acquired to the others.

In spite of these challenges, we use multimodal characterization spanning micron and
nanometer length scales to identify a hybrid microstructure in rubrene thin films, where large
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Figure 2.1: Crystallized rubrene thin film characterization. Polarized optical microscope images
of a representative crystalline rubrene (a) platelet and (b) spherulite on glass/ITO substrates. (c)
Ilustration of the annealing process for rubrene thin films. A 40 nm film of amorphous rubrene
(represented by blue rectangles) on top of 5 nm of TPTPA (gray underlayer atop substrate) is
annealed with setpoints in the 140°C 170°C range to yield crystalline rubrene, as depicted by the
upright blue rectangles. The orthorhombic crystal structure is shown from the in-plane perspective
(c- and b-axes) and out-of-plane perspective (a-axis normal to the film). The green arrows shown
in (b) represent the crystalline growth direction of orthorhombic rubrene. Representative AFM
images for the surface morphology around (d) the center of a spherulite indicated by the pink star
in (b) and (e) the body of a spherulite indicated by the purple star in (b).
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crystalline platelet domains radially transition into a spherulite morphology. In Sections 2.3
and 2.4, we use X-ray and electron microscopies to image and quantify the disappearance of
orientational discontinuities between platelet domains as the microstructure transitions into
a spherulite morphology at two different scales. We also use polarized optical microscopy to
capture the in situ crystallization process, and extract the associated kinetics, which enables
us to estimate the temperature at which this transition occurs (Sections 2.5-2.5.1). Our
multimodal imaging approach relies on a robust thin film processing protocol, using POM
for initial characterization, and optimal, minimally destructive electron and X-ray acquisition
parameters. For example, recent efforts to determine such parameters has made it possible to
characterize organic films in detail with 4D-STEM through sample cooling and minimizing
beam dose [48, 84]. Multimodal characterization enables us to attribute the observed hybrid
microstructure to sufficiently slow substrate thermalization that allows for crystallization
to proceed through multiple morphologies. Our observations suggest that finely controlling
microstructure also calls for advanced temperature control protocols.

2.2 Preparation and initial characterization of
rubrene thin films

2.2.1 Materials and Fabrication

Before discussing our correlative multimodal imaging of crystallized rubrene thin films via po-
larized STXM, 4D-STEM, and POM, we describe their preparation and pre-characterization.
The materials studied in this work include rubrene and tris(4-(5-phenylthiophen-2-yl)phenyl)-
amine (TPTPA), both of which were sourced from Lumtec. Rubrene was purified via ther-
mal gradient sublimation prior to use. All glass/ITO substrates were cleaned successively
by sonication in deionized water with Extran soap in a 6:1 ratio, deionized water, acetone,
and isopropanol followed by an oxygen plasma treatment. The silicon nitride (SiN) free-
standing membrane substrates were cleaned only by an oxygen plasma treatment before use.
Samples were deposited using thermal evaporation with a base pressure of ~ 10~7 Torr.
To form rubrene films 40 nm of rubrene was deposited after depositing 5 nm of TPTPA.
Amorphous samples are kept in a nitrogen-filled glovebox where they are also annealed on
a pre-heated hotplate to crystallize rubrene as shown in Figure 2.1¢ (with the exception of
the in situ optical experiments described below). To target spherulite growth, films on glass
substrates coated with indium tin oxide (ITO) were annealed at 170°C for 10 s - 2 min,
depending on the extent of crystallization desired, while those deposited on SiN windows
on 200 pm Si frames (Norcada) were annealed at 170°C for 5 s - 1 min, depending on the
extent of crystallization desired and on the thickness of the SiN. Control films annealed to
form predominantly platelets were annealed at 140°C for 1 min on glass/ITO or 45 s - 5
min on the SiN substrates. We use SiN substrates for electron and X-ray transparency in
polarized STXM and 4D-STEM measurements, while glass substrates coated with indium
tin oxide (ITO) are used in the in situ optical experiments for ease of encapsulation in order
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to anneal outside of the glovebox. This robust rubrene thin film processing protocol enables
consistent crystallization across a variety of substrates, and previous research has determined
that substrate choice does not impact rubrene crystallization on account of the TPTPA un-
derlayer [22, 85]. Crystallizing rubrene directly atop of SiN substrates is especially helpful
for TEM measurements since it bypasses the need to transfer the crystalline film between
unlike substrates.

2.2.2 Optical, Scanning Probe, and X-ray Scattering
Characterization

For pre-characterization, we use POM to confirm crystallization of thin films and map out
areas of interest for STXM and 4D-STEM measurements. Its hundreds-of-micron-scale field-
of-view enables quick identification of various regions of the spherulites and their locations
relative to one another for the nano- and sub-nanoscale measurements. Under optical lin-
ear crossed-polarizers, spherulites exhibit smoothly varying azimuthal changes in contrast
and a signature Maltese cross pattern (Figure 2.1b), representative of the correlation be-
tween the nanocrystallite b-axis and the spherulite radial vector. In comparison, platelets
exhibit uniform optical contrast under crossed-polarizers with stark grain boundaries, de-
noting single-crystalline domains.

Grazing incidence wide-angle X-ray scattering (Figure 2.2) confirms an orthorhombic
crystal structure (Figure 2.1c), which is the electronically relevant crystal structure for de-
vice applications, given that the m-stacking along the b-axis facilitates charge transport.
Scattering data is shown as a function of ¢, and ¢,, where /¢ + ¢ = ¢.. After correction
for instrumental and geometric broadening, we find the values of the corresponding lattice
parameters: ¢ = 28 A, b = 7.1 A, ¢ = 15 A. A Scherrer analysis suggests the grains are
elongated along the b-axis (Table 2.1).

To find the crystalline coherence length (L.) of the crystalline rubrene films, we use the
Scherrer equation:

Lc - %7
Aq
where L. is the crystalline coherence length, K is a dimensionless numerical factor that we
set as 0.9, and Ag is the full width at half maximum (FWHM) of the peak. To find Agq
that is intrinsic to the sample and not convoluted with instrumental (Ageyp) and geometric
(substrate, Aggeo) broadening effects, we approximate that

Aq =/ Aqup - Aqgeo' (22)

Agexp 1s found by taking a linecut of the peak of scattering intensity I as a function of ¢ and
fitting it to the following Gaussian form:

(2.1)
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Figure 2.2: GIWAXS patterns of crystalline rubrene thin films. We observed diffraction patterns
consistent with an orthorhombic crystal structure [85, 86] for rubrene thin films annealed at 170°C
onto both a (a) glass/ITO substrate and (b) 10 nm-thick SiN substrate. All grazing incidence wide-
angle X-ray scattering measurements were performed at the 7.3.3 beamline at the Advanced Light
Source at the Lawrence Berkeley National Laboratory, California at 10 keV and grazing incidence
angles of 0.14°, 0.15°, and 2.5°. Data collected with Brendan Folie and Alex Liebman-Peléz and
analysis completed by Alex.

Crystal Axes a b c
L. Coherence Length (nm) 44.0 74.9 485

Table 2.1: Calculated coherence lengths for the crystal axes of orthorhombic rubrene.

c2

I(q) = ae(ﬂ) (2.3)

where ¢ = 202, which corresponds with the FWHM of the peak. Finally, Agey, = 24/In(2)c,
which follows from the definition of the Gaussian FWHM: 2,/2In(2)o. The expected geo-
metrical broadening effect on the peak is found as

wsin(20g)

A20g =
B sample-to-detector distance

(2.4)

where the Bragg peak 0 can be converted into reciprocal space to find Agee, by the
relationship: fg = sin_l%. w is the beam footprint that comes from the length of the
substrate in the beam path and is approximated as 3 mm for all peak calculations. Using
this workflow, we are able to calculate the coherence lengths for the three orthorhombic
crystal axes in rubrene shown in Table 2.1. As described in the introduction and Figure 2.1,
the b-axis corresponds with the higher crystallization rate and also the crystal growth front
[22, 85], resulting in the anisotropic crystalline grains.

AFM imaging was performed in tapping mode with an Asylum MFP-3D with TAP 150
Al silicon AFM probes (Ted Pella, Inc.). The scans were collected with a 583 mV setpoint

and a 2.5-2.6 V amplitude. Figure 2.1d has a 29.2 nm per pixel resolution with a 0.75 Hz
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Figure 2.3: FFT analysis of rubrene spherulite AFM image. AFM image for the surface mor-
phology of the body of a spherulite and the corresponding FFT of the AFM image as the inset.
Linecuts along the c-axis and b-axis are plotted in blue and green, respectively, with labeled peaks
accompanied by their real-space length.

scan rate, and Figure 2.1e has a 19.6 nm per pixel resolution with a 0.5 Hz scan rate. The
sample imaged by AFM was annealed for 5 s at 170°C on 10 nm of SiN (NT050Z). Atomic
force microscopy (AFM) images show nanoscale crystalline rods that have grown radially
outward from the nucleus (Figure 2.1d) at the location indicated by the pink star in Figure
2.1b. The rod-like shape is consistent with the higher crystallization rate along the b-axis
and the Scherrer analysis [85]. Figure 2.1e shows similarly aligned rods further away from
the nucleus at the location of the purple star in Figure 2.1b.

Given the periodicity of the crystalline rods in a spherulite, their sizes and orientation
can also be estimated from AFM images with a 2D-Fast Fourier Transform (FFT) process
using Gwyddion. A higher-resolution scan of the spherulite body is shown in Figure 2.3,
and the FFT of the image is shown in the inset. Linecuts were taken along the longitudinal
and transverse axes of the 2D-FF'T, which correspond to the c-axis and b-axis, respectively.
By fitting the linecuts to a Lorentzian, the reciprocal-space positions of the peaks were
identified and used to calculate the lengths in real space by taking the spatial difference
between two peaks and calculating the inverse of the difference. The resulting real space
values observed in the linecuts are listed in the tables in Figure 2.3. Along the c-axis, we see
that there are large periodic structures (“spokes”) composed of crystalline rods that consist
of crystallites ~43-48 nm. A transverse cut of the 2D-FFT suggests that the crystallite
size along the b-axis (~96 nm) is also visible. Both of these estimates are similar to the
crystallite sizes calculated from the Scherrer analysis, which may indicate that crystalline
grains can be observed via AFM. Fourier transforms of AFM images may corroborate X-ray
scattering analyses of crystalline grain sizes, but the information is highly dependent on the
heterogeneity of the periodic features and scan area which impact the FFT analysis.

Brendan Folie, a previous group member, commented on the appearance of the spherulite
growth front in his thesis [27] as a wave-like pattern that culminated in a tall edge and trough
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Figure 2.4: AFM images of spherulite growth fronts at various annealing times. Different films of
40 nm rubrene on glass/ITO substrates were annealed at 170° for time durations ranging from 15
s - 120 s. Scale bar for all AFM images is 1 pym.

that increased in height and depth, respectively, with annealing time. In Figure 2.4, we
observe this description in a series of close-up AFM images of the growth front as a function
of annealing time. With longer annealing times, the waves or layers of crystalline rubrene
that accumulate at the growth front increase, and the edge of the growth front builds up in
height as well. The tall edge at the growth front appears reminiscent of a surface transport
model of molecules, where the surface molecules are more mobile and lead to the upward
growth of the crystal, which also circumvents slow growth in the bulk [87]. To confirm the
mechanism of rubrene crystallization and learn more about spherulite growth, however, more
sophisticated in situ crystallization measurements will be needed.

We present other AFM image observations on rubrene spherulite growth fronts in Figure
2.5. We observe that the growth front perimeter can adopt a “scallop” pattern as shown in
two different spherulite growth fronts (Figure 2.5a-b)). Closeups of the growth front (Figure
2.5¢-d) also illustrate that the formation of the nanocrystalline rods that we characterize by
Scherrer analysis (Figure 2.1) in the body of a spherulite do not form immediately at the
growth front.

To expand on the nanoscale information that AFM provides us, we also use infrared
scattering scanning nearfield optical microscopy (IR s-SNOM) to probe the growth front
to determine whether a signal could be distinguished between amorphous and crystalline
rubrene [88]. Four weak vibrational modes were identified at 780 cm™! and 1026 cm™*,
which correspond to the out-of-plane C-H stretching mode, and at 1392 cm™! and 1490
cm ™! which correspond to the skeletal vibration of the tetracene backbone [62] (Figure 2.6).
Between crystalline and amorphous rubrene, the skeletal ring vibrations decreased in strength
to the detection limit of the IR s-SNOM set-up over a distance of 700 nm (Figure 2.7). This
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Figure 2.5: AFM images of different spherulite growth fronts on SiN substrate. (a) Close-up for one
rubrene spherulite growth front exhibiting scalloped growth front pattern. (b) Large field-of-view
of second spherulite growth front where (c) and (d) are close-ups of this growth front.

suggests a change in ordering or orientation across this transition. In the same region the
gradual disorder associated with this transition, as concluded from the increased spread in
vibrational frequencies (Figure 2.7¢), also increased. This suggests a lower limit of 700 nm
for the width of crystalline growth front.

2.3 Polarized STXM measurements reveal a hybrid
microstructure

We begin describing our multimodal imaging of annealed rubrene thin films by focusing
on polarized STXM with varying resolution and field-of-view. All X-ray microscopy mea-
surements were performed at the 11.0.2.2 beamline at the Advanced Light Source at the
Lawrence Berkeley National Laboratory, California. Figure 2.9a-b were annealed at 170°C
for 1 min on a SiN window with an area of 1.5 x 1.5 mm? and 200 nm in thickness that is
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Figure 2.6: Far-infrared synchrotron infrared nanospectroscopy (FIR-SINS) [89] amplitude and
phase spectrum of rubrene thin film on glass/ITO substrate. FIR-SINS measurements were con-
ducted at the 2.4 beamline at the Advanced Light Source at the Lawrence Berkeley National
Laboratory, California. Data collection and analysis conducted by Dr. Omar Khatib at CU Boul-
der.
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Figure 2.7: IR s-SNOM measurements for the growth front of crystalline rubrene thin films an-
nealed at 170°C on 10 nm SiN membranes on Si frames back-coated with gold. Measurements were
conducted with a scattering scanning near-field optical microscope (nanolR2-s prototype, Anasys
Instruments/ Bruker) using a broadband infrared laser (FLINT, Light Conversion; Levante, APE
GmbH; HarmoniXX, APE GmbH). Hyperspectral images (b)-(d) of the growth front location high-
lighted in the AFM image (a) accompanied by the vibrational frequencies (e). Data collection and
analysis conducted by Sven Donges at CU Boulder.
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Figure 2.8: STXM NEXAFS spectrum. We center the NEXAFS spectrum of a spherulite rubrene
film around 285 eV to resolve the energies that most strongly correspond with linear dichroism.
We identify the relevant energies as 284.5, 285.3, and 286.1 eV (red stars). Due to time constraints,
we only used 284.5 eV to image samples.

mounted on a 5 x 5 mm? Si frame with 200 ym thickness (NX5150D). Control films were
annealed at 140°C for 5 min on a SiN window with an area of 1 x 1 mm? and a 100 nm
thickness (NX5100C). The film used to generate the NEXAFS spectrum (Figure 2.8) was
annealed at 170°C for 5 s on a SiN window with an area of 2 x 2 mm? and 200 nm thickness
(NX5200D). Samples were mounted onto an aluminum plate inside of the sample chamber
that is evacuated to about 30 mTorr and refilled with 200 Torr of helium. We collected a
NEXAFS spectrum (Figure 2.8) and identified energies close to the carbon K-edge with lin-
ear dichroic contrast at 284.5, 285.3, and 286.1 eV. Each image was collected at both vertical
and horizontal polarizations at 284.5 eV because of its strong dichroic contrast. Figure 2.9a
shows a 300 yum x 300 pm polarized STXM image of the center of an apparent spherulite.
Image viewing and analysis was facilitated by the IDL program aXis2000 from the Hitchcock
Group at McMaster University and the STXM Data Analysis Matlab script collection from
T.R. Henn (Physikalisches Institut, Germany) and R.C. Moffet (Lawrence Berkeley National
Laboratory, USA). The image shown is a ratio of the images collected with vertical and hor-
izontal polarizations to enhance the intensity contrast. The greyscale pixel intensity is a
proxy for crystal orientation, where white pixels correspond to crystallites oriented parallel
to the X-ray polarization, and black pixels correspond with crystallites oriented orthogonal
to it.

We focus on a recurring motif characterized by an abrupt azimuthal change in trans-
mission contrast observed next to the nucleus that gradually smooths out at larger radii.
In a perfect spherulite the local crystal b-axis orientation would match that of a radial
vector originating at the nucleus to generate a smoothly varying orientation distribution,
as is apparent in Figure 2.1b. In polarized STXM, this would translate into smooth az-
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Figure 2.9: STXM imaging and analysis. (a) Grayscale ratiometric STXM image of a spherulite
annealed on a 200 nm SiN window at 170°C for 1 min at a large field-of-view with 450 nm pixel
resolution. (b) A separate ratiometric STXM image of the same spherulite with 60 nm pixel
resolution focused on the nucleus and emanating single-crystalline domains. (c¢) and (d) Profiles of
mean pixel intensity as a function of distance from the nucleus following two pairs of radial vectors,
each surrounding a given orientational discontinuity. Colors of the intensity profiles correspond to
the colored radial vectors in (a). Mean pixel intensities are shown as circles with their corresponding
standard deviations shown as error bars, and the piecewise fit to the profiles are shown as solid
lines. The fitting parameters are shared in Table 2.2.

imuthal changes in the greyscale pixel intensity. Instead, near the nucleus we observe sharp
azimuthal changes in X-ray transmission between more uniform patches of transmission.
Another higher-resolution ratiometric image centered at the same spherulite nucleus (Figure
2.9b) clearly demonstrates the sharp change in greyscale surrounding a nucleus, also sug-
gesting platelet-like domains. With the larger field of view in Figure 2.9a, we observe these
sharp changes disappear at larger radii. Consider for example the behavior as a function
of distance from the nucleus at ~40°. Tracing the orange and blue pair of radial vectors
on each side (35° and 45°, respectively), the greyscale values gradually converge to those
expected for a spherulite. Another example of this observation is highlighted by the pink
and green pair of radial vectors at 310° and 325°.

To quantify this behavior, we analyze in Figure 2.9c-d the radial transmission profiles of
horizontally polarized images by considering the X-ray transmission as a function of radial
distance from the nucleus at the azimuthal angles on opposite sides of the two sharp changes
in polarized X-ray transmission shown in Figure 2.9a. We first identify the pixel coordinates
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Figure 2.10: Example of radial width for STXM image radial profile analysis. A horizontally
polarized STXM image is shown with a yellow circle overlaid as an example of the user-defined
radial width which dictates the grayscale pixels that will be involved in the calculation of the
average pixel intensity.

of r = 0 pm corresponding with the nucleus with Fiji [90]. To calculate the average pixel
intensity at a given radius, we collect pixel intensities that fall within a user-defined radial
width (Figure 2.10) and bin them in increments of 1° from 1° to 360°. Data shown in
Figures 2.9¢-d use a radial width of 4.5 gm which corresponds with ~10 pixels per bin. The
average pixel intensity and corresponding standard deviation are calculated for each bin and
represent one average intensity datapoint at a single radius. This protocol is repeated to plot
average pixel intensity as a function of radius from the center of the spherulite and outward
from it. Due to poor signal-to-noise close to the nucleus, we start plotting the average pixel
intensity at 20 ym. Code is provided in Appendix A.

In both cases on both sides of the respective abrupt changes, we observe that the trans-
mission evolves gradually from its greyscale value near the nucleus at small radii to a value
beyond which it stabilizes within a certain radial range away from the nucleus. Next, we fit
these radial profiles to a piecewise function to capture the approximate distance (X;) from
the nucleus at which the greyscale value stabilizes (Y7):

—Yl_lyox + (Yl — Y1—1Y0X1)7 r <X

Intensity(Y) = { N us (2.5)

)/17 z Z Xl

where Y} is the initial greyscale value. For example, in Figure 2.9¢, the greyscale values that
correspond to the 35° radial vector (orange) begin at ~90 at 20 um from the nucleus and
drop to ~84 about 80 pum from the nucleus, remaining at that value thereafter. To provide
more physical context for this observation, we convert the greyscale value of transmission to
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Figure 2.11: Representative azimuthal transmission intensity radial profile of spherulite at 100 pm
away from the nucleus. The maximum (Ipax) and minimum (Ip,;,) intensities are identified in this
profile to use in the sinusoidal expression discussed in the main text: I = (Ipax — Tninsin? (Ocrystal +
@) + Imin. For the final calculation of crystal orientation in Table 2.2, we use an azimuthal trans-
mission intensity radial profile 100 ym from the nucleus.

crystal b-axis orientation through the sinusoidal relationship expected for smoothly varying
intensity over 360°: I = (Iyax — Imin)sinz(ﬁcrystal + @) + Lnin (Figure 2.11).

Therefore, in terms of local crystal b-axis orientation, in this example following the 35°
radial vector, we find that beginning at the nucleus, the local b-axis orientation gradually and
continually changes until it stabilizes at 31° 4+ 4° at 80 pum. A similar behavior is observed
at the 45° radial vector (blue) on the opposite side of the abrupt change in transmission: the
initial b-axis orientation is most disparate at smaller radii (~75° at 20 pm) and gradually
changes to achieve a value of ~48° + 6° around 100 pm, which is consistent with a smaller
difference in orientation relative to the value at 45°. Related trends about 317.5° are plotted
in green and magenta in Figure 2.9d, and all of the data are summarized in Table 2.2.

The plots of crystallite orientation versus distance from the nucleus obtained on opposite
sides of the sharp change in transmission contrast suggest that abrupt transmission changes
over small angular ranges correspond to an orientational discontinuity. The crystallites on
either side of the discontinuity have uniform transmission contrast over a larger azimuthal
range and orient independently of the direction of the radial vector. The onset radius at
which the local crystallite orientation near a discontinuity begins to align with the radial
vector ranges between 75 - 99 pm (Table 2.2). Although an improved signal-to-noise ratio in
the image might enhance visualization of additional discontinuities possibly present in the
spherulite, the two identified in Figure 2.9a and additional examples in Figure 2.12 suggest
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Oazimuthar | Onset radius of final 0.y stai Final crystal Corresponding T
orientation 6 with upper and
lower bound (°C)

35° 80 + 16 31 +4 134 (125, 138)

45° 99 + 49 18L6 136 (122, 146)

310° 98 + 24 313 £ 4 136 (127, 142)

325° 75 + 22 327 + 33 133 (123, 138)

Table 2.2: Determination of the onset radius for the final crystal orientation of the platelet-to-
spherulite transition and the corresponding temperature.

um

Figure 2.12: Polarized STXM image and corresponding POM image of another spherulite. (a) A
ratiometric image of a spherulite annealed on a 200 nm SiN window at 170°C for 1 minute at a
large field-of-view with 500 nm pixel resolution. This crystalline structure borders the spherulite
discussed in Figure 2.9 as shown in the (b) POM image with the red circle of the second spherulite.

a consistent and reproducible trend. Similar to Figure 2.9b, we observe sharp azimuthal
changes in X-ray transmission surrounding the nucleus suggesting the start of an orientational
discontinuity even though the azimuthal changes at larger distance from the nucleus are
smooth and continuous in POM. Although lower signal-to-noise ratio and coarser spatial
resolution in Figure 2.12(a) make it impractical to perform a similar analysis to that in
Figure 2.9¢-d, we anticipate that a similar trend would follow.

2.4 4D-STEM confirms erasure of an orientational
discontinuity

We use 4D-scanning transmission electron microscopy (4D-STEM) to obtain higher resolu-
tion orientation maps at the disappearance of an orientational discontinuity. 4D-STEM data
were acquired using a ThermoFisher Scientific ThemIS transmission electron microscope op-
erated at 300 kV accelerating voltage. During imaging, the samples on 10 nm thick SiN
windows were cooled to approximately 90 K by a Gatan 636 cryo holder. The 4D-STEM
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datasets were acquired with a probe semiconvergence angle of 0.59 mrad across a grid of 512
x 512 pixels, with a step size of 15.5 nm between probe positions. For rapid acquisition of
large-area maps with minimal sample drift, the microscope was fitted with an IDES Rela-
tivity electrostatic subframing system. This system divides the detector frame into multiple
subframes and rapidly deflects the diffraction pattern into each frame as the beam steps to
different probe positions, allowing multiple diffraction patterns to be acquired per readout
of the detector. We acquired datasets with a probe dwell time of 2.24 ms, a 4 x 4 grid of
subframes, and a detector exposure time of 36 ms.

Given that spherulites are hundreds of micrometers in size and 4D-STEM has a limited
field-of-view of less than 10 pm x 10 um preparatory identification of the apparent spherulites
formed on the SiN window was essential. Polarized optical images of the films allow us to
identify and characterize regions that represent the general feature of a spherulite, such as
the nucleus, the main part of the spherulite body, and the growth front where crystallization
was arrested.

We present the POM image of a crystallized rubrene film studied via 4D-STEM with
the representative scan area indicated by a red box in Figure 2.13a. The area explored
corresponds to a region a distance away from the nucleus of an apparent spherulite. All
analysis of the 4D-STEM datasets was performed using py4DSTEM, an open-source Python
package [53, 54]. In order to produce the orientation maps (Figure 2.13b), we first use the
template cross correlation method to locate the positions of each of the diffraction disks in
each diffraction pattern. These Bragg disk locations are then calibrated to remove any ellip-
tical distortion caused by the microscope, artifacts caused by translations of the diffraction
pattern, and to correct the pixel size. Using the Automated Crystal Orientation Matching
(ACOM) submodule of py4DSTEM, a library of simulated rubrene diffraction peaks was gen-
erated using the known orthorhombic crystal structure. As we know the films are primarily
oriented with the c-axis normal to the substrate, we only simulate patterns with up to 5°
mistilt from this orientation. The ACOM matching algorithm compares each experimental
list of Bragg disk locations to the simulations and finds the best match zone axis, along with
the in-plane orientation of the crystal.

The abrupt change in greyscale from light to dark observed across two grains at the top
of Figure 2.13b marked by the arrow and box corresponds to an abrupt change in crystal-
lite orientation of approximately 45°. This orientational discontinuity gives way at greater
distances from the nucleus to more gradual azimuthal changes in local crystal orientation,
moving smoothly from light to dark, indicated by the lower red arrow. This indicates that
the b-axis crystal orientation continuously adjusts over at least 45° to maintain its orien-
tation along the radial vector of the crystallized structure. We also visualize the relative
degrees of misorientation described in the orientation map by compiling the diffraction pat-
terns acquired from each point in the scan into a Bragg vector map (Figure 2.13b red boxes,
Figure 2.14). The Bragg vector map associated with the upper box in Figure 2.13b shows
an offset of ~45° in two distinct orthorhombic diffraction patterns, reflecting the orienta-
tional discontinuity. Further away from the discontinuity (lower box in Figure 2.13b) the
Bragg vector map shows a smearing of diffraction patterns, indicating in-plane rotation of
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Figure 2.13: Orientational mapping by 4D-STEM. (a) POM image of spherulites within the window
region studied with 4D-STEM. The red box (8 x 8 um) indicates a representative field of view shown
in (b), and the red arrows pointing outward from the spherulite nucleus correspond to the local
in-plane orthorhombic b-axis. (b) In-plane b-axis orientation map where the greyscale indicates
the orthorhombic b-axis orientation, and white corresponds to a vertical b-axis orientation. The
abrupt change in orientation observed at the top of the map (top arrow and box) is erased at
greater distances from the nucleus, seen as a smooth change in orientation along the bottom of the
map. The red boxes indicate areas visualized with Bragg vector maps in Figure 2.14. 4D-STEM
data collection and analysis conducted by Steven Zeltmann at UC Berkeley.

the b-axis crystal orientation even over this small azimuthal range.

2.5 Dynamic polarized optical microscopy
measurements to inform on heating and
crystallization kinetics

To investigate the formation of the hybrid platelet-spherulite structure observed in STXM
and 4D-STEM, we use POM to record a movie of the crystallization by thermally annealing
amorphous rubrene films in situ. This process also allows us to extract the macroscopic
crystallization kinetics of rubrene thin films. Static and dynamic POM measurements were
performed with a Nikon Eclipse LV100ND in EPI mode. Images and videos were taken
with an Infinity 2 Lumenera camera and Infinity Analyze and Infinity Capture software.
For in situ annealing measurements, we marked a fiducial on the amorphous rubrene films
on glass/ITO substrates to assist in quickly finding the appropriate focal plane. Then the
amorphous rubrene films were encapsulated in a nitrogen-filled glovebox, to avoid photo-
oxidation, with UV-curing epoxy from EPO-TEK (OG116-31) and using a coverslip (Fisher
12-541-B) cleaned in acetone, 2-propanol, and Millipore water. After encapsulation the
sample were removed from the glovebox.

A Thorlabs HT24S metal ceramic heater was placed underneath the Nikon Tu Plan Fluor
10x objective in the microscope and layered with thermally conductive materials to facilitate
annealing (Figure 2.15). The ceramic heater temperature was regulated by a Thorlabs



CHAPTER 2. MULTIMODAL CHARACTERIZATION REVEALS ERASURE OF
ORIENTATIONAL DISCONTINUITIES IN RUBRENE THIN FILMS 38

Figure 2.14: 4D-STEM Bragg diffraction patterns. (a) A simulated diffraction pattern for rubrene
in the [001] orientation. For a single-crystalline grain, we expect that the diffraction pattern at
each point within the scan would be identical and result in a Bragg vector map with no azimuthal
smearing. (b) The orientation map from Figure 2.13b indicating the 775 nm x 775 nm areas for
which we generate the Bragg vector maps in (c¢) and (d). (¢) This Bragg vector map correspond-
ing to the top region in (b) shows a ~45° offset of the in-plane orientation between two sharp
orthorhombic patterns, as indicated by the arrows. In contrast, the map of the bottom region in
(b), depicted in (d), shows an aggregation of patterns whose in-plane orientations are azimuthally
smeared, indicating in-plane rotation for the crystal orientation further away from the orientational
discontinuity in Figure 2.13b and the crystallization nucleus. (e¢) The ACOM analysis over the field
of view also indicates that the crystallites tilt slightly out of plane around a particular in-plane
axis within the same field of view as (b) and Figure 2.13b. 4D-STEM data collection and analysis
conducted by Steven Zeltmann at UC Berkeley.
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TC200 temperature controller and the auxiliary port was connected to a Thorlabs TH100PT
thermistor that monitored the surface temperature of the thermal pad atop of the annealing
configuration shown in Figure 2.15. We recorded the microscope settings for this focal plane.
The Thorlabs TC200 was set to the desired temperature setpoint. We set the ceramic heater
temperature to 190°C to target spherulite growth upon annealing. This temperature ensured
the highest fidelity of optical microscope data collection to the glovebox protocol used to
fabricate the films used in X-ray and electron microscopies. We allowed the ceramic heater
temperature to stabilize for a minimum of two minutes before beginning to record video.
The sample was quickly placed onto the annealing setup, and minor adjustments to the
focus were made using the fiducial, which had been used to focus the imaging system prior
to heating. The crystallization process was imaged at a rate of 11 frames per second, and the
sample was removed once the field of view captured in the video was completely crystalline.

Thermistor Sample/substrate

Thermal interface material
Heat transfer tape
1/16” copper plate

Super Thermal Grease

Ceramic heater

Figure 2.15: Schematic (not drawn to scale) of the thermally conductive materials used to optimize
contact between the ceramic heater and rubrene sample for annealing in the in situ POM measure-
ments. The materials used were super thermal grease (MG Chemicals Super thermal grease III,
8617), heat transfer tape (McMaster-Carr 1”7 heat-transfer tape, 7171A22), and a thermal interface
material (3M thermal pad).

Movie frames representative of different stages of crystallization are shown in Figure
2.16a. The range of green shades corresponds to crystallized rubrene at different orientations.
Most nuclei are too small to observe in optical microscopy, although the spherulite marked by
a white arrow at ¢ = 0 in Figure 2.16a has a sufficiently large nucleus that it is visible. This
larger nucleus is visually consistent with rubrene’s triclinic structure due to its distinct visual
roughness in optical microscopy. Rubrene’s triclinic structure forms at lower temperatures
but orthorhombic rubrene can nucleate and crystallize from these triclinic structures [85].
We record crystallization until the spherulites impinge on each other, first seen around 9 s
and seen even more prominently at 12 s (Figure 2.16a). In this measurement, the gradual
change in color intensity we typically observe under crossed-polarizers is not sufficiently
clear to directly discern platelet-like vs. spherulite-like morphology, emphasizing the need
for multimodal studies. Signs that indicate spherulite growth rather than platelet growth
are the presence of a faint Maltese cross for all observable radii and the lack of any sharp
azimuthal changes in green shades that would correspond to an intra-platelet grain boundary.

The primary value of the ability to non-invasively image film crystallization however is
that it allows us to track the value of the crystallized radius as a function of time, R(T',t)
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Figure 2.16: In situ rubrene crystallization. (a) POM of in situ rubrene crystallization at 0, 6, 9,
and 12 s on a glass/ITO substrate. (b) The average radial growth of spherulites observed in POM
shown in blue, and the glass/ITO substrate temperature rise to the ceramic heater plate setpoint in
orange. (c¢) The natural log of the spherulite growth rate as a function of the inverse temperature.
A line with slope of -0.49 4+ 0.02 eV fits the data, indicating Arrhenius behavior for crystallization.
Data collection and analysis accomplished with help of Jakhangirkhodja Tulyagankhodjaev.

(Figure 2.16b, blue) and to calculate the growth rate by taking its first derivative dR/dt(T', t)
(Figure 2.17). Because it takes a finite time for the substrate to reach the heater plate set
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Figure 2.17: Growth rate of spherulites on glass/ITO substrates observed via POM. The spherulite
growth rate as a function of time is shown in the figure above and is calculated by taking the
derivative of the spherulite radius over time (Figure 2.16a, blue).

point, we are also able to calculate the activation energy for rubrene crystallization.

Tracking the radial growth of spherulites in POM videos was done in Fiji with a custom
macro applied to the video in the form of an image stack (Appendix B). The images were
binarized based on crystalline and amorphous rubrene distinction with the centroid, perime-
ter, and area recorded for each circular feature in a given image (Appendix B.1). Then the
images were background subtracted for processing in a custom Jupyter notebook to calculate
the average radius of the circular features in each frame (Appendix B.2).

We separately measure the glass substrate temperature increase toward the heater set-
point (Figure 2.16b, orange) so that it can be combined with dR/dt to obtain the growth
rate vs. temperature. Based on the glass substrate temperature measurement, we also infer
that crystallization begins at 106°C. By measuring the glass substrate temperature rise, T'(t)
(Figure 2.16b, orange), each T'(t) data point can be related back to the spherulite radius and
corresponding growth rate at that same time point. Finally, we plot the natural log of growth
rate In(dR/dt) against inverse temperature and fit the data to a straight line (Figure 2.16¢)
to obtain an Arrhenius activation energy of -0.49 4+ 0.02 eV. The straight line indicates that
we are observing Arrhenius kinetics. Data for three spherulites captured in the movie are
averaged to produce the Arrhenius plot shown in Figure 2.16¢.

Although we calculate an activation energy from a different rubrene film thickness of 40
nm, we note our value of 0.49 eV is about three times smaller than previous measurement
on glass/ITO substrates [85] and about 40% smaller than that measured on hexamethyl-
disilazane -functionalized SiOy substrates [91]. Thus, despite the challenge of comparing
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measurements in different configurations, we hypothesize that the inclusion of the under-
layer drives a smaller activation energy for crystallization by acting as a mobile surface that
facilitates exploration of the energetic landscape by rubrene molecules to crystallize [22].
The underlayer may also serve as a buffer against additional influence from the underlying
substrate. Since we use the same 5 nm TPTPA underlayer for all rubrene films grown on
glass/ITO or SiN substrates, we expect that the activation energy is likely similar for the
glass and SiN substrates in this work.

Another formalism that is often used to describe spherulite crystallization kinetics, and
more broadly phase transition kinetics, is the Avrami equation: y = 1 — exp(—bt") where
X is the crystalline volume fraction, n is the Avrami exponent, and b is the temperature-
dependent crystallization rate constant with dimensions (time)™" [91, 92]. The Avrami
exponent, n, informs on the nucleation mechanism (homogeneous or heterogeneous) and
rate, and even the dimensionality of growth. For example, if n = 4 then the model re-
flects homogeneous nucleation and growth in three dimensions, whereas n = 3 can represent
homogeneous nucleation with growth in 2D, as in a film. Nevertheless, n = 3 can also indi-
cate predetermined heterogeneous nucleation and three-dimensional growth [91, 92]. While
the Avrami equation could provide further information on the crystallization dynamics of
rubrene, it assumes isothermal conditions, which does not hold true in our measurements,
given the finite substrate heating time. We carry out the Avrami analysis, however, to il-
lustrate the procedure and results for our situation. Using ImageJ, the movie frames were
filtered and adjusted to binarize the images between amorphous and crystalline areas, which
appeared as pink and green in the optical microscope, respectively. The area fraction was
then calculated in the binarized frames, which served as the measured crystalline area frac-
tion (x) and is shown in Figure 2.18a as a function of time. The initial fitting of the data
to the Avrami equation yields an Avrami exponent of approximately 4, which suggests ho-
mogeneous nucleation and 3D growth for this rubrene crystallization protocol. To double
check whether the data actually follows Avrami behavior, however, the Avrami exponent is
typically found by plotting on a log-log scale and fitting to a straight line. This can be found
through a rearrangement of the Avrami equation:

x =1 —exp(—bt")

1 —x =exp—0bt"

In(1—x) = —bt"

In(—1In(1 — x)) = In(b) + nln(t).

We see that the Avrami exponent is equivalent to the slope of a straight line when plotting
In(—In(1— 1)) as a function of In(¢), and the crystallization rate constant is the y-intercept.
Applying this convention to our in situ data, we see that our data does not fall on a straight
line on the log-log scale (Figure 2.18b). This is not surprising given the non-isothermal
conditions of our measurements and demonstrates that the Avrami equation does not best
describe the crystallization behavior for our conditions unless one considers only the later
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Figure 2.18: Avrami analysis of in situ rubrene crystallization. (a) The plot of rubrene crystalline
fraction growing as a function of time showing a sigmoidal shape (blue circles) with the Avrami fit
(blue curve) overlaid. (b) Plotting the crystalline volume fraction and time on a log-log scale.

times when the temperature has mostly stabilized (e.g., after 14s). For further discussion on
quantifying spherulite crystallization, or amorphous-to-crystalline phase transitions, using
the Avrami equation, references [92, 93] provide detailed insight into how to carry out
measurements and analysis. Consequently, we proceeded to use the Arrhenius behavior
information to help us learn more about in situ crystallization on SiN substrates.

Estimating in situ growth dynamics on SiN windows

Although the temperature of a SiN window is difficult to measure in situ while a rubrene
film is being annealed for X-ray or electron imaging, we developed a strategy to estimate the
temperature at which the larger platelet-like regions transition into a spherulite morphology
observed in the polarized STXM and 4D-STEM images. To do so, we combine the Arrhenius
kinetics information obtained from the in situ POM measurements with an estimate of the
SiN substrate thermalization as a function of time. To obtain this thermalization estimate,
we measure the temperature rise as a function of time of a 200 pum Si chip after being
placed on a 170°C hotplate (Figure 2.19, orange). We expect the temperature rise of the
SiN to be similar since spherulites are found to nucleate both on and off the SiN window
region (Figures 2.13a, 2.20), and this evidence of uniform SiN heating suggests it is faster
than the time required for the heat to propagate through the Si frame. We substitute this
substrate temperature data, T'(¢) into the Arrhenius expression for the crystallization rate
on Si, kgi[Tsi(t)] = koexp(—FEa/kgT(t)): Here, kg is Boltzmann’s constant, and we use the
Arrhenius pre-factor kg and Arrhenius activation energy (E,) obtained from the fit in Figure
2.16¢ since these constants should be independent of the substrate on account of the presence
of the TPTPA underlayer between the rubrene and either SiN or glass.
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Figure 2.19: Predicted radial growth on a SiN window. The temperature vs. time of a 200 pm
Si chip after being placed on a hotplate with a setpoint of 170°C (orange), and the expected
spherulite radius on a SiN-on-Si substrate (blue) calculated using the Arrhenius parameters from
the in situ POM experiment performed on glass/ITO. An example of mapping between radius and
temperature is shown for the 45° radial vector from Figure 2.9d where the green bands map out a
range of plausible values for the transition temperature.

Next, we integrate the growth rate as a function of time (kg;[Ts;i(t)]) to yield the expected
crystallization radius as a function of time (Rg;(t)) on SiN (Figure 2.19, blue)

Ret) = [ar 5 - [ avwgir 2:6)

2.5.1 Synthesizing results to understand hybrid microstructure

Finally, we estimate the temperature range over which the platelet-to-spherulite transition
occurs. To do so, we relate the onset radii obtained from STXM analysis (Table 2.2) to a
corresponding SiN substrate temperature by matching the time window (as shown by guide
arrows in Figure 2.19) at which films annealed on SiN are estimated to have the same range
of crystallized radii (also Table 2.2). Despite the variation in the onset radius at which the
platelet-to-spherulite transition occurs, the corresponding temperature is consistently around
135°C, where due to uncertainty in the onset radius and the timing of the Si chip measure-
ment, this temperature can be specified no more than beyond the range from 122 to 146°C.
This estimate seems reasonable based on additional corroboration with the crystallized radii
of films annealed on SiN windows for shorter durations (Figure 2.20).

A commonly observed microstructure in our multimodal observations is the presence of a
platelet-to-spherulite transition that our analysis suggests is due to finite substrate thermal-
ization time. Hotplate annealing conditions are typically 140°C to crystallize platelet films,
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Figure 2.20: Polarized optical microscopy images of 40 nm of rubrene crystallized at 170°C on
SiN membranes on Si frames. (a) rubrene annealed for 5 s on 10 nm SiN membrane, (b) rubrene
annealed for 15 s on 10 nm SiN membrane, (c) rubrene annealed for 5 s on 200 nm SiN membrane,
and (d) rubrene annealed for 1 minute on SiN membrane.

where rubrene molecules locally find their energetic single-crystal minimum through rota-
tion, or 170°C to crystallize spherulites where molecules are not able to rotationally probe
a sufficient number of configurations, which leads to polycrystalline branching [22, 25, 26].
Note that these temperatures are lower than the bulk crystallization temperature of 173°C,
on account of decreased film thickness and finite surface effects [22, 94, 95]. Due to the
finite substrate thermalization time of the film with the hotplate we hypothesize that a suffi-
cient amount of time is first spent at platelet-forming temperatures before spherulite-forming
temperatures are attained. The hybrid microstructure is seen in both polarized STXM and
4D-STEM at different scales and in different spherulites annealed for different amounts of
time. Notably, the rubrene thin films measured in 4D-STEM were annealed for approxi-
mately five seconds due to the extreme 10-nm thinness of the SiN membrane used (Figure
2.20). Thicker SiN membranes such as those used in the STXM measurements (100-200
nm), required longer annealing times, e.g., 1 min., to obtain complete crystalline coverage,
though the greater thickness likely serves to delay the onset of crystallization after which the
dynamics proceed similarly to those of the thinner membranes. We suspect that the differ-
ent thicknesses of SIN membranes both spend ~3 - 4.5 s in the platelet-forming temperature
regime based on the Si temperature rise (Figure 2.19, orange). Although as little as 5 s are
spent annealing on the hotplate, we propose that when the SiN membrane is taken off it, the
substrate is effectively insulated by the surrounding air, so that crystallization may continue
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for some time afterward and lead to continuing growth of the spherulite microstructure for
films annealed for less than a minute. Based on our observations and calculations, a hybrid
microstructure likely occurs somewhat universally despite different annealing times and sub-
strate parameters due to the finite substrate equilibration time taken to achieve the desired
annealing temperature.

More broadly, since organic semiconductor molecules are susceptible to polymorphism
and multiple morphologies, it is important to both employ and understand the specific pro-
cessing parameters that produce the desired crystal structure and morphology for optimal
device performance. For example, previous research has shown that a high heating rate
can bypass the triclinic phase of rubrene to preferentially crystallize orthorhombic platelet
domains [94]. Here, we find a hybrid microstructure that is completely orthorhombic but
that initially has a high-angle orientational discontinuity that disappears with elevated tem-
peratures. While one might propose that a faster heating rate would circumvent the hybrid
microstructure of a platelet transitioning into a spherulite, our observations remind us that
achieving a uniform organic film is quite challenging, and a spectrum of morphologies or
crystal structures often manifest. The organic molecule identity itself strongly determines
the ease of uniformly producing a microstructure. If it is capable of forming both single-
crystalline and polycrystalline structures, ideally the single-crystalline domains would form
at lower temperatures to avoid complex processing or even modification strategies. Given
that organic semiconductors easily form multiple morphologies that impact their resulting
functionality in devices, characterizing organic thin films on multiple length scales provides
a more complete understanding of heterogeneity in films.

Returning to a main theme of this work, multimodal imaging enables our observation
of the hybrid microstructure in annealed rubrene thin films and the probable cause of its
formation. As the macroscopic characterization technique, POM underpins our multimodal
approach to quickly inspect whether we crystallized platelets or spherulites and to serve as a
cross-reference for areas of interest before studying the films with other techniques. We learn
about the rich nanoscale surface morphology of the films with AFM. Neither POM nor AFM,
however, provides direct quantitative crystallite orientation of the thin films. The quanti-
tative orientation information is instead obtained with polarized STXM and 4D-STEM in
complementary ways. Polarized STXM provides micron-to-nanoscale features with variable
sizes for fields-of-view from hundreds of microns to nanometers. The variable field-of-view
sizes facilitated our ability to capture the disappearance of the orientational discontinuity.
We use 4D-STEM to corroborate the polarized STXM images of the orientational discon-
tinuity in the crystalline rubrene structure at high resolution and signal-to-noise ratio. To
image these rubrene films using a focused scanning electron beam with 4D-STEM requires
cryogenic conditions and recent advances in the TEM community [48]. Optimizing image
acquisition parameters in X-ray and electron microscopies is clearly essential since organic
films are often susceptible to damage from these radiation sources [34]. Finally, we con-
nected these high-spatial resolution static images with in situ dynamic recordings of rubrene
crystallization via POM, which is fully non-invasive and allows for in situ dynamical mea-
surements of the annealing process beyond what is possible by examining the final product
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of the process. It is only through a multimodal imaging approach that allowed us to probe
rubrene thin films on multiple length and time scales, that we were able to learn about how
the finite substrate thermalization time leads to a platelet-spherulite hybrid microstructure.
Furthermore, relating all observations requires not only cross-referencing across multiple
scales but also across different substrates. The underlayer ensures that rubrene crystal-
lization is consistent irrespective of whether we anneal on glass/ITO or SiN, since it ends
up being the effective substrate for rubrene in both cases. This processing strategy also
eliminates the need to transfer the film between substrates for different measurements. By
incorporating a multimodal imaging approach that allowed us to probe rubrene thin films
on multiple length scales, we learn about how the finite substrate thermalization time leads
to a platelet-spherulite hybrid microstructure.

2.6 Conclusion

In sum, we combined optical, polarized X-ray, and electron microscopies to discover and
characterize a hybrid microstructure in organic semiconductor thin films that emerges dur-
ing thermal annealing. Polarized X-ray and 4D-scanning transmission electron microscopies
of the annealed structures both demonstrate an orientational discontinuity emanating from a
central nucleus and gradually disappearing toward its circular growth front. In situ polarized
optical microscopy of the crystallization process reveals Arrhenius crystallization behavior
and measurement of substrate thermalization time allows us to map between time, tem-
perature, and crystallization radius to determine the temperature at which the spherulite
morphology develops. By combining POM, polarized STXM, and 4D-STEM, we deter-
mine that the finite substrate thermalization produces a hybrid microstructure because a
non-negligible amount of annealing time is spent at a platelet-forming temperature before
proceeding to spherulite crystallization temperatures.

2.6.1 Future directions

In the future, hybrid structures could be designed deliberately to perform multiple func-
tions, balancing high charge transport in platelet regions [22] with good charge transport
isotropy in spherulite regions [24]. For example, if processing protocols were developed to
maximize platelet domain area and introduce spherulite morphology at the growth front,
one could overcome high-angle grain boundaries between separate platelet structures and
still leverage the majority-platelet film charge carrier mobility while avoiding trapping. This
protocol could be varied to optimize the overall needs of the film. A similar strategy could be
used to enhance heterostructures between organic films and halide perovskite of transition
metal dichalcogenides to overcome transport deficiencies in each [96-98] or to investigate
thermoelectric applications [99].

More generally as multimodal imaging opportunities continue to expand for organic ma-
terials such approaches may be used to capture in situ crystallization of additional films to
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elucidate understanding of spherulite formation or other crystalline microstructures. Multi-
modal imaging will surely advance to capture atomic and nanoscale in situ growth of crystals,
which would be especially useful to elucidate spherulite formation. Specifically, for rubrene,
the multimodal approach could be further leveraged to understand rubrene’s inverted ther-
mal spherulite growth behavior whereby spherulites occur at higher temperatures closer to
the melting point.

Incorporating measurements of function, such as transport and electronic dynamics [6,
100], with ultrafast microscopies will yield even further insight into structure-function prop-
erties for this hybrid microstructure. We conducted preliminary measurements of rubrene
spherulites on glass/ITO substrates with TAM (Figure 2.21) and observed a strong excited
state absorption (ESA) feature ~516 nm and a weaker one at ~480 nm. The ESA feature
at 516 nm appears consistent with the absorption by a lower-lying triplet state to populate
a higher-lying triplet state (triplet-triplet absorption), and the ESA feature at 480 nm may
correspond to a similar absorption event where a photon is absorbed to promote the occu-
pation of a lower-lying excited singlet state to a higher-lying singlet state (singlet-singlet
absorption) based on other TA studies of rubrene single crystals [101, 102]. The observation
of triplets in rubrene has been attributed to singlet fission, and understanding the singlet
fission properties and pathways in rubrene (e.g. thermal activation [102], triplet separation
[103]) continues to be a intriguing area of exploration. We have explored using different
pump polarizations to determine any polarization-dependence of signals in samples annealed
on glass/ITO, and we have probed at different locations within a spherulite. Unfortunately,
the used white light probe signal fluctuated greatly and required further troubleshooting. To
continue TAM studies on our rubrene thin film samples, in addition to fixing the white light
stability, we recommend conducting a pump power-dependence test, evaluating considera-
tions for measurements on SiN substrates, and determining how different pump excitations
[101, 102] may yield different insights for a spatially-resolved evaluation of excitation dy-
namics in rubrene hybrid microstructures and spherulites.

We also performed exploratory measurements on rubrene spherulites and single crys-
tals with steady-state interferometric scattering (iISCAT) and stroboscopic scattering (stro-
boSCAT) microscopies. Given the higher spatial resolution and ability to probe a variety
of energetic carriers ranging from excitons to phonons [6], iSCAT and stroboSCAT comple-
ment TAM measurements. Even though height variations of spherulite crystalline grains are
only on the order of ~3-5 nm, iISCAT can distinguish the characteristic patterns of individ-
ual nanocrystalline rods that grow anisotropically outward (Figure 2.22a). stroboSCAT of
rubrene single crystals clearly shows anisotropic diffusion along the m-stacking direction of
the crystal (Figure 2.22b), and the mean squared displacement (MSD) plot (Figure 2.22c¢)
shows that diffusion occurs up to five times faster along the m-stacking direction than it does
orthogonal to that direction. In the future, stroboSCAT could be used to study rubrene
spherulite thin films to understand how the morphology and changes in crystalline orienta-
tion impact energy transport.

X-ray scattering and microscopy techniques continue to be an important and growing
avenue for quantitative structural characterization of organic semiconductors on multiple
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Figure 2.21: Transient absorption (TA) spectra of rubrene spherulite at different time delays. (a)
POM image (using TAM setup) of rubrene spherulite on glass/ITO substrate with blue circle as
reference for area of investigation with pump excitation at 400 nm. (b) TA spectra at time delays
from 5 - 500 ps.
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