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Abstract

Rubrene is a promising and archetypal organic semiconductor owing to its high
reported hole mobility. However, this high mobility only exists in its crys-
talline state, with orders of magnitude reduction in disordered films. Thus, as
it pertains to thin film polycrystalline rubrene, it is important to understand
structure and the presence of disordered regions at grain boundaries. Here, we
use scanning transmission X-ray microscopy (STXM) to investigate polycrys-
talline rubrene thin films with either platelet or spherulite morphology. The
STXM images allow us to distinguish and quantify the arrangement of the lo-
cal structure in the crystal. The analysis suggests that the platelet film has
more oriented molecules in the crystal than in the spherulite phase. Also, at

spherulite grain boundaries, we reveal a high number of misaligned molecules

Email address: alexandrelfgt@hotmail.com (Alexandre L. Foggiatto)

Preprint submitted to Organic Electronics July 9, 2019


http://ees.elsevier.com/orgele/viewRCResults.aspx?pdf=1&docID=22903&rev=2&fileID=359512&msid={4AAC9D29-E648-4731-B8AE-72191AFA10B4}

compared to the smooth boundary in the platelet case, with grain boundary
sinuosity of 0.045 4+ 0.002 and 0.139 4+ 0.002 pum for the platelet and spherulite
cases, respectively, which help to explain the higher mobility in the former case.
Keywords: Rubrene, organic semiconductor, X-ray microscope, image analysis
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1. Introduction

Organic semiconductors have been extensively studied for devices such as
field-effect transistors [1], photovoltaic cells [2, 3], and light-emitting diodes [4]
due to their promise of low-cost, low temperature, and large area processing.
However, organic thin-films used in these devices are usually quite disordered,
normally to allow for film uniformity, but which negatively impacts charge trans-
port [5]. The enhancement of carrier mobility in organic semiconductors in
recent years has been achieved by improving thin-film crystal quality [6], syn-
thesis of new materials [7], and device engineering [8, 9]. Usually, it is assumed
that the major feature that limits carrier mobility in polycrystalline films are
grain boundaries, acting as energy barriers or trap sites [10, 11, 12]. However,
Vladimirov et al. [13] recently reported that the charge carrier mobility could be
restrained by the misalignment of molecules at the grain boundary. Also, Wong
et al. observed that TIPS-pentacene grain boundary regions are composed of
a random packing of nanocrystallites that could reduce charge carrier mobil-
ity [14]. Therefore, continuing to build a comprehensive understanding of the
structure and role of grain boundaries is critical for further improvements to
organic electronic devices, therefore the analysis of the local structure in this
region is of utmost importance.

Rubrene is an archetype organic semiconductor, with demonstrated hole

~1 in a single crystal [15, 16]. And although

mobility of up to 20 cm?V~!s
as-deposited rubrene thin films are typically amorphous, three distinct crystal
phases are known to exist: monoclinic, orthorhombic and triclinic [17, 18]. Of

these crystal structures, the orthorhombic phase is of principal interest as it has



Figure 1: Polarized optical microscope images of crystalline rubrene with (a) platelet and (b)

spherulite morphology

demonstrated the highest charge carrier mobility [19]. Many techniques have
been developed to obtain crystalline orthorhombic rubrene [18, 20, 21]. Fusella
et al. [22] reported that by controlling the annealing temperature of rubrene
thermally evaporated on a suitable underlayer, orthorhombic single crystal do-
mains with dimensions on the order of 100 pm can be achieved. Also, it was
found that annealing at higher temperatures results in orthorhombic spherulite
domains, thus giving the opportunity to investigate grain boundaries in the same
material system yet with different morphologies. Polarized optical microscope
images of platelet-like single crystal domains and spherulite domains are shown
in Fig. 1 (a) and (b), respectively. The primary difference between platelet and
spherulite films are that, in the polycrystalline platelet film, each domain is a
single crystal orthorhombic grain, whereas in the spherulite film, each domain
is not a single crystal, but rather a continuous gradient of rubrene crystals with
varying in-plane orientation [23]. We can estimate that the size of the nanocrys-
tals in the spherulite films is on the order of 100 nm, considering the width of
the smallest microcrystalline domains.

Such rubrene films have been imaged with polarized optical microscopy and,
more recently, electron backscattered diffraction (EBSD) [24]. However, neither
EBSD nor optical microscopy have the necessary resolution to resolve grain
boundaries in sufficient detail. One technique that is intriguing in this regard is

scanning transmission X-ray microscopy (STXM), which, when combined with



near-edge X-ray absorption fine structure (NEXAFS), is effective for identifying
and imaging domain structure and orientation with high resolution. Resonance
transitions from C 1s to unoccupied 7* and ¢* orbitals can be observed by using
soft X-ray energy near the carbon 1s ionization, which allow for determining the
orientation of the molecule in the film [25]. Within the STXM experiment, it
is possible to select the excitation energy assigned to the transitions observed
in the NEXAFS spectrum. By performing a raster scan over the sample for
a fixed energy, the absorption of a specific energy as a function of position
can be measured. This technique has been successfully used to determine the
orientation of organic molecules in numerous systems [26, 27, 28, 29].

In this work, we use STXM combined with image analysis to investigate
the local structure of polycrystalline orthorhombic rubrene thin films, either in
the form of platelets or spherulites. These films were reported to have hole
mobilities of 4 and 1 cm?V~!s~! for the platelet and spherulite morphologies,
respectively [22], thought to be due to the increased density of grain boundaries
in the latter. Here, via STXM measurements and analysis, we establish better
insight for the mobility differences in these two films through an analysis of
morphological differences in the vicinity of grain boundaries which reveals not
only are they more frequent, but grain boundaries are also wider and more dis-
ordered in spherulite films compared to abrupt grain boundaries in the platelet

films.

2. Experimental

The growth and STXM imaging were performed on X-ray transparent sil-
icon nitride membranes. Optical microscope images of the films on the SiN
membranes are shown in Fig. A.7). 40 nm of rubrene (Nichem, purified by
thermal gradient sublimation) atop a 6 nm thick film of TPTPA (tris(4-(5-
phenylthiophen-2-yl)phenyl)amine, Lumtec, used as received) were deposited
by thermal evaporation in a vacuum chamber with base pressure ~10~7 Torr.

TPTPA was used as an underlayer to assist the crystallization as described



previously [22]. Crystallization was achieved by annealing the samples on a
preheated hot plate in a nitrogen glovebox. The platelet samples were annealed
at 140 °C for 5 min, and the spherulite samples were annealed at 170 °C for 30
- 45 s.

The morphology was investigated using the compact STXM at BL-13A of
the Photon Factory, KEK [30]. Molecular orientation was evaluated by switch-
ing in-plane horizontal and vertical linear polarization of the APPLE-II type
undulator radiation. The image size was set as 10 yum x 10 pm and the pixel
size was 0.1 ym and 0.05 pum for the platelet and spherulite samples, respec-
tively. The NEXAFS spectra were obtained by averaging the absorption in
an image sequence (stack) of scans acquired at the C K-edge (280 - 310 eV).
The raw data were converted into images and analyzed using scripts written in

Python 3.

3. Results and Discussion

Figure 2 displays NEXAFS spectra of the platelet rubrene film using lin-
early polarized light. The peaks at 284.2, 285.1 and 285.9 eV have already been
assigned as «, 8 and -, respectively [31]. These excitation peaks are due to the
transition from C 1s to the 7* molecular orbital. The intensity of the o and
~ peaks are sensitive to the orientation of the backbone structure, while the 8
intensity is sensitive to the phenyl side group structure of rubrene [32]. The two
broader peaks at 289 and 294 eV are owing to transitions from C 1s to the ¢*
molecular orbital. In our experimental set up, the samples were fixed normal
to the incident radiation, thus the dipole moment of the tetracene cores and
phenyl side groups of rubrene are projected on the plane, allowing us to extract
in-plane orientation information. Although out-of-plane information can also be
extracted with STXM, prior X-ray and EBSD analysis showed that the rubrene
molecules are uniformly aligned out-of-plane [22], and thus here we focus on in-
plane orientation. Figure 2 (a) and (b) show NEXAFS spectra for two distinct

crystal domains of a platelet film. It can be noted that the resonance inten-
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Figure 2: NEXAFS spectra for two distinct regions (i.e. crystal domains) of a rubrene platelet
polycrystalline film using in-plane vertical and horizontal polarization. The «, 5 and ~ as-
signed peaks at 284.2, 285.1 and 285.9 eV correspond to C 1s to * molecular orbital tran-
sitions. The a, B and v peaks in each image exhibit a complementary pattern, for the same

polarization, which infers that the molecules in these regions have different orientations.

sities for these two distinct regions are different, denoting different molecular
orientations.

Figure 3 displays raw STXM images of a rubrene spherulite film taken at
various photon energies. The color contrast reflects the NEXAFS spectral in-
tensity (cf. Fig. 2). In the images taken at 284.2 (Fig. 3 (a) and (d)) and 285.9
eV (Fig. 3 (c) and (f)) the complementary contrast under different polarization
can be clearly distinguished. The uniform color contrast of each grain suggests
a crystal domain. However, for the image taken at 285.1 eV (Fig. 3 (b) and (e)),
contrast is minimal. This is likely due to the fact that the large resonance peak
at 285.1 eV overlaps with the other two, shadowing the image [32]. This is the
same effect that turns the images taken at 285.9 eV darker than the one taken
at 284.2 eV. To minimize the computational error and to obtain more precise
information, our analysis focuses on the o peak energy (284.2 eV). Finally, as a
control, Fig. 3(g) displays the pre-edge image, taken at 283.8 eV. No pattern is
observed in this image, consistent with our discussion.

Performing STXM image analysis allows us to derive a better understanding
of the local structure of rubrene thin films by extracting numerical parameters

that help us elucidate orientational and morphological differences. Figure 4 (a)
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Figure 3: 10 um x 10 pm unprocessed STXM images for a spherulite rubrene film taken at
284.2, 285.1 and 285.9 eV, using (a-c) in-plane horizontally and (d-f) vertically polarized light.
(g) The pre-edge was taken at 283.8 eV using horizontally polarized light.

and (b) display maps of the optical density (OD) at each point for the platelet
and spherulite films, respectively. The OD is defined as In(I/1y), where I is
the transmitted intensity and I is the background normalized to the pre-edge.
The platelet film exhibits two uniform grains, while the spherulite sample has
micro-domains within a large domain and a rougher, more poorly defined, do-
main boundary. Since the films were prepared at temperatures below TPTPA
crystallization temperature, we can assume that the difference in the OD images
emerge solely from rubrene. Using the normalized and aligned OD data, the
in-plane molecular orientation map can be obtained from the following equa-
tion [28]:

OD = M(Pcos*(8+0) + (1 — P)sin*(8 + 0)) + C. (1)

where P is the Stohr polarizer coefficient, M is defined as the magnitude of the
in-plane component of the normalized resonance intensity and C' is a constant
resonance intensity. 6 is the in-plane angle of the molecule and (3 is the in-plane
incident angle of the polarized radiation, in which the values of § are defined
from the horizontal polarization.

The in-plane molecular orientation map of platelet and spherulite rubrene

films are displayed in Fig. 5 (a) and (b), respectively. For each point, 6 is ob-



Figure 4: OD transmission image for (a) platelet and (b) spherulite films taken at 284.2 eV

using in-plane vertically polarized light.

tained by dividing the horizontal (8 = 0) by the vertical (8 = 7/2) polarized
OD using Eq. 1. To perform the calculation, C' was set as 0 and P as 1, re-
sulting in OD o cos?(6). In this case, @ is defined in relation to the polarized
radiation. If # = 0, the dipole moment of molecules are parallel to the horizon-
tal polarized radiation. It can be seen that molecules in the platelet film are
more homogeneously oriented within the respective domain compared to the
spherulite domain, as would be expected given the considerable growth front
nucleation that characterizes spherulite growth. The platelet rubrene thin film
(Fig. 5(a)) displays two distinct grains. Despite the grain’s homogeneity, we
notice a film defect in the upper corner of the grain boundary (Fig. 5(a) inset),
however the resolution is not high enough to determine the origin of the defect.
In Fig. 5(b), on the other hand, the spherulite film grain boundary is less abrupt
due to the line patterns (intradomain grain boundaries) that are characteristic
of the spherulite morphology. Here, intradomain grain boundary is defined as
the boundary between the growth rays created by the non-perfect alignment of
molecules in the crystal due to rapid crystallization. It is possible to observe
the periodicity of them inside the grain. Although the resolution is not enough
to resolve them, we can estimate the width of the smallest microdomains as 100
nm, which can be associated with the size of the nanocrystals. Although these

intradomain boundaries, in general, have the same preferential direction inside
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Figure 5: Angular orientation maps for (a) platelet and (b) spherulite films. The inset in
(a) displays a high contrast image of the grain boundary in which defects in the film can
be seen as black dots. The numbers 1 to 3, in (b), label the three regions referenced in the
text. Histograms for (c) platelet and (d) spherulite films. The dashed line corresponds to a
Gaussian fit. The line profiles in (a) and (b) are displayed in (e) and (f), respectively. The

green line is the average of the line profile taken over the entire length of the grain boundary.

the grain, towards the nucleation center, the rays are not completely parallel
to each other. This feature is responsible for the unclear boundary in the 1-2
region of Fig. 5(b). On the contrary, the 1-3 grain boundary is well defined,
because it is formed by the encounter of rays from two different nucleation cen-

ters. In contrast, the grain boundary in the 1-2 region originates from the same



nucleation center (A.8 (b)).

Here, two regions of 100 #m? around the grain boundary are selected for anal-
ysis, which contain two (platelet sample) and three (spherulite sample) grains.
Prior to the selection of an area, others samples and regions were investigated
using a larger field of view (i.e. pixel size) to define the region of interest, as
displayed in Fig. A.8. The spherulite film presents micro-domains that extend
from the nucleation center throughout the grain and the boundaries are more
sinuous than the one in the platelet sample. Also, the platelet film presents no
micro-domain, which is expected in a single crystal. Thus, although the selected
area is small in comparison to the film size, no substantial deviation from what
is observed here is expected if other regions were selected.

To investigate the molecular orientation distribution, shown in Fig. 5 (¢) and
(d) are histograms of the in-plane orientation maps of the platelet and spherulite
films, respectively. The noise was reduced by using a median filter on both
images. The histogram for the platelet rubrene film displays two well-defined
peaks. In contrast, the angular distribution for the spherulite film portrays a
more spread distribution, which corresponds to a less ordered film. Fitting a
Gaussian function to the histograms, we could obtain the full width at half
maximum (FWHM) for each sample. The platelet film histogram is fitted by
two Gaussians centered at 34.77° and 46.83°, and the angular distribution has
FWHM = 1.12° for both grains. The spherulite thin film histogram, on the
other hand, cannot be fit by two Gaussian functions. Instead, three are needed,
centered at 40.45°, 42.88° and 45.26°, with the 42.88° sourcing from region 2
(Fig. 5(b)). The FWHM are 2.38° and 2.03° for the lower and higher angle,
respectively. The broadening of the angular distribution is a useful way to
quantify the grain disorder, which means that the platelet film has a more
uniform orientation and fewer misaligned molecules than the spherulite film.
We can also observe a tailing on the borders of the spherulite film histogram
(Fig. 5(d)) that cannot be fitted by Gaussian distribution, which indicate a
higher number of disordered molecules.

Figure 5 (e) and (f) (blue curves) display line profiles at the grain boundaries.
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The platelet thin film exhibits a smoother molecular in-plane orientation than
the spherulite one, and the transition between domains is abrupt comparing
the former to the latter. In addition, within the domain, the line profile of
the spherulite sample displays a molecular mismatch at the boundary. The
electrostatic interaction between neighboring molecules and the molecules in
the adjacent crystal affects the orientation of molecules in the grain boundary
resulting in the misaligned region. To extract information over more of the
grain boundary, the angular distribution was averaged along the grain boundary
length and plotted as a function of position, as shown in Fig. 5 (e) and (f) (green
curves). It can be noticed that the misaligned molecules at the grain boundary
in the spherulite film are a common occurrence, and the same feature is not
present in the platelet sample. The high number of misaligned molecules at
the boundary of the spherulite film indicated in the line profile make up the
populations in the tails of the histograms in Fig. 5(d).

By observing the difference of the averaged region and the line profile, one
can notice that the center of the grain boundary deflects more from its ini-
tial position in the spherulite sample (Fig. 5(f)) compared to the platelet one
(Fig. 5(e)). This means that the grain border in the spherulite film is more
sinuous. In order to investigate and quantify it, we calculate the root mean
square (RMS) for the center of the boundary to define sinuosity on the bound-
ary. First, to identify the center of the boundary (x), we calculate the position
of the medium point between the two domain plateaus by fitting the line profile
using a step function that resembles its shape and extract its value. Thus, the

curve is fitted by a sigmoid function:

f@)=at—L 2)

1+ Ma—a0)

where z is position. The value for z¢ can be found by adjusting the param-
eters a, b and A (supplementary A.9). Then, the same process was repeated
over the length of the grain boundary. To minimize error, the line profile was
averaged over every three pixels and the result was fitted by a sigmoid func-

tion (Eq. 2). Subsequently, Fig. 6 (a) and (b) display xg plotted over the grain
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boundary of the platelet and spherulite sample, respectively. In order to eas-
ily display the results, in Fig. 6 (a) and (b), the grain boundary regions were
rotated 48.80° and 33.26°, respectively, to be parallel to the horizontal axis.
The good agreement between the calculated border line and the image confirms
the accuracy of this process. After defining the boundary position, the RMS
can be computed as 0.045 £ 0.002 and 0.139 + 0.002 pum for the platelet and
spherulite films, respectively. The uncertainty in the RMS was obtained by
fitting the grain boundary region 200 times. In each cycle, a small variation
was inserted in the initial pre-optimized fitting parameters. Consequently, the
uncertainty is given by the standard variation of the mean value of the result.
The result demonstrates that the molecules at the interface are not only orien-
tationally misaligned at the grain boundary, but also the border is not straight.
The high RMS value for the spherulite film is due to the independent growth
of the rays from the nucleation center. They are not limited in the boundary
by the adjacent rays. On the order hand, in the platelet film, the absence of
rays allows the formation of a straight border line. More information about how
RMS values were calculated is described in Appendix A.3.

We have also analyzed a 1 pm region on either side of the grain boundary.
As displayed in Supplementary A.9, we can integrate the mismatched orienta-
tion angle in the vicinity of the grain boundary, which indicates numerically
the molecular disorder. The histogram for the spherulite grain border region
(Fig. 6(c)), as expected, resembles the full one (Fig. 5(d)). And, the two peaks
centered at 39.41° and 45.72°, have a broad angular distribution with the FWHM
calculated as 3.80° and 2.20°, respectively. This indicates that the misaligned
molecules are more localized at the grain boundary than the inner part of the
grain. Since the analyzed region contains the same amount of material, the area
under the curve should be similar for both peaks. Indeed, the area under the
curves are calculated as 210.74 and 197.79, a difference of approximately 6%.
Also in Fig. 6(c), the tailing is more prominent, which agrees with our discussion
that the broadening of the histogram and the tailing for low and high angles are

associated with the misaligned molecules observed in the line profile (Fig. 5(f)).
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Figure 6: A grain boundary region for (a) platelet and (b) spherulite rubrene films. The black
line corresponds to the zg calculated using Eq. 2 to fit the center of the grain boundary. The
grain boundary is displayed aligned to the horizontal. The blue dashed lines in (b) delineate
1 pm around zg. (c) The histogram (red solid line) and Gaussian fit (blue dashed line)
obtained from the 1 pum region around xg for the spherulite film. The peaks were fitted with

two Gaussians centered at 39.41° and 45.72°, with FWHM of 3.80° and 2.20°, respectively.

The platelet and spherulite morphologies can be achieved by thermal evap-
oration of rubrene on an appropriate organic underlayer and selecting the cor-
rect annealing temperature [22]. The underlayer improves the crystallization
of rubrene by assisting the molecules to rotate in order to find a lowest energy

position and orientation. However, annealing at high temperature may inhibit
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long-range order owing to more energy and more rapid crystallization, gener-
ating the spherulite morphology. Although they have the same crystal phase
and out-of-plane orientation, the charge carrier mobility of the platelet form
has already been reported as 3-4 times higher than the spherulite one [22]. It
was suggested that carrier mobility in the platelet morphology is higher due to
the absence of intradomain grain boundaries. As observed in the STXM image
analysis, it is not only the presence of more grain boundaries, but the grain
boundary of the spherulite crystal has a rougher boundary and more misaligned
molecules which may also have a role, perhaps dominant, in limiting the charge
carrier mobility. To validate this claim, future work should consider electrical
transport and photoluminescence imaging measurements at the grain and grain

boundary regions.

4. Conclusion

In conclusion, we have examined the local structure in two different types of
crystalline rubrene films, those based upon platelet single crystals and spheru-
lites, using STXM image analysis. It was observed by analysis of the molecular
angular distribution that the platelet rubrene film has more homogeneously
oriented molecules in each grain and an abrupt, well-ordered grain boundary.
In contrast, the spherulite film has misaligned molecules at the grain boundary
and a roughness of the boundary. We suggest that the misalignment of rubrene
molecules at the grain boundary may create scattering or trapping centers that
reduce the charge carrier mobility for the spherulite film compared to the platelet
one, further highlighting the importance of controlling morphology to optimize

charge carrier and exciton transport processes in molecular thin films.
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Appendix A. Supplementary information

Appendiz A.1. Optical microscope images

Platelet Spherulite

O
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Figure A.7: Optical microscope images of the platelet and spherulite films. The STXM

analyzed regions are the ones delimited by the red rectangle.

Appendiz A.2. untreated STXM images

2842 eV 2842 eV

Figure A.8: Untreated data obtained from the STXM of (a) platelet and (b) nucleation center
of spherulite films taken at 284.2 eV. The pixel size was set as 0.2 pm.
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Appendiz A.3. Grain boundary analysis

The RMS values were calculated using the center of the grain boundary
extracted by fitting the line profile with a step function (Eq. 2). The fitting
is displayed in Fig. A.9. By arranging the center of the grain boundary as a
function of the position, the RMS can be calculated. One may have concerns
about the validity of this value compared to the resolution of the images. In
fact, we used a mathematical approach to obtain the center of the line profile
and, since a point has no dimension, the RMS can be smaller than the pixel
size. We use a mathematical tool to define more precisely and to study the
region around the grain boundary, as displayed in Fig. 6(b), since a substantial

difference on the grain boundary sinuosity of the two films is observed.
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Figure A.9: Step function fitting on the average line profile for (a) platelet and (b) spherulite
films. The values displayed in the images correspond to the under/above the fitting curve in

the 1 pm around the center of the grain boundary.
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