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he performance of solution-processable
Tconjugated polymers has risen signifi-

cantly over the past two decades and
now matches the performance of amor-
phous silicon." This enables deployment in
electronic devices such as organic field-
effect transistors (OFETs) for display or logic
applications.”> The increasing library of
materials with high charge mobilities com-
bined with improvements in materials sta-
bility and device engineering are bring-
ing conjugated polymers closer to realize
their potential for low-cost flexible electro-
nics. High hole mobilities were observed in
the polymer poly(3-hexylthiophene) (P3HT)
over a decade ago, with large variations in
mobility for different deposition conditions
that alter the microstructure of the films.2
The liquid crystalline polymer poly(2,5-bis-
(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene)
(PBTTT) allows better control of the micro-
structure through interdigitation of the side
chains, which produces more consistent
charge mobilities.*

A central issue in understanding the func-
tionality of these new materials is the rela-
tionship between film microstructure and
charge transport.>® Many high-mobility poly-
mers exhibit semicrystalline order, although
the absolute degree of crystallinity for most
of these materials and the influence of crys-
tallinity on device functionality are not fully
known. Instrumental to the study of struc-
ture/function relationships in semiconduct-
ing polymers is the ability to assess film
microstructure as relevant to device perfor-
mance. Grain boundaries in polycrystalline
materials have long been suspected as being
transport barriers in OFETs. While for solution-
processed small molecule devices it has been
shown that also the nature of the grain
boundary has strong impact on the device
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ABSTRACT

We utilize near-edge X-ray absorption fine structure (NEXAFS) spectroscopy and scanning
transmission X-ray microscopy (STXM) to study the microstructure and domain structure of
polycrystalline films of the semiconducting polymer poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno-
[3,2-b]thiophene) (PBTTT). Total electron yield NEXAFS spectroscopy is used to examine the surface
structure of the first 1—2 molecular layers, while bulk-sensitive STXM is used to produce maps of
domain orientation and order sampled through the entire film thickness. We study different phases
of PBTTT including as-cast, terraced and nanoribbon morphologies produced via spin-coating as
well as aligned films of as-cast and nanoribbon morphologies produced by zone-casting. For the
terraced morphology, domains are observed that are larger than the size of the terraced surface
features, and the calculated degree of order is reduced compared to the nanoribbon morphology.
For zone-cast films, we find that, although little optical anisotropy is observed in the bulk of as-cast
films, a high degree of surface structural anisotropy is observed with NEXAFS spectroscopy, similar
to what is observed in annealed nanoribbon films. This observation indicates that the aligned
surface structure in unannealed zone-cast films templates the bulk ordering of the aligned
nanoribbon phase. STXM domain mapping of aligned nanoribbon films reveals elongated,
micrometer-wide domains with each domain misoriented with respect to its neighbor by up
to 45°, but with broad domain boundaries. Within each nanoribbon domain, a high degree of X-ray
dichroism is observed, indicating correlated ordering throughout the bulk of the film.

KEYWORDS: conjugated polymers - polycrystallinity - morphology - NEXAFS -
STXM - organic field-effect transistors
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structure.2 While conventional cross-polarized optical
microscopy is suitable for the study of domains on the
length scale of micrometers or more,” more sophisti-
cated techniques are required to examine domain
structure on the submicrometer length scale. A num-
ber of approaches have been successful at probing the
domain structure on this length scale including scan-
ning probe-based transverse shear microscopy,”'®
dark-field electron microscopy,'""'? near-field scanning
optical microscopy,'® and scanning transmission X-ray
microscopy.'* "7

The structure of PBTTT films is perhaps the best
understood of all semiconducting polymers owing to
its relatively high crystallinity.'® X-ray diffraction (XRD)
studies have shown that in-plane 7—m stacking and
out-of-plane lamellae ordering are found even in films
not subjected to heat treatment.'® PBTTT also exhibits
a number of characteristic thin-film morphologies in-
cluding the so-called terraced and nanoribbon mor-
phologies. The terraced morphology is produced after
heating the film above the first thermal transition
(corresponding to melting of the alkyl side chains®®)
and cooling to room temperature. The topography
exhibits the characteristic, wide, molecular-height ter-
races that are readily observable by atomic force
microscopy (AFM).* The nanoribbon morphology is
accessed after heating above the second phase transi-
tion (likely associated with backbone melting?') and
cooling to room temperature and is characterized by
the formation of nanoribbons of fully extended poly-
mer chains.?' Alignment of these nanoribbons is also
possible through directional deposition processes
such as flow-coating or zone-casting.?"*? In the zone-
casting process, the polymer solution is deposited onto
a moving, heated substrate which produces aligned
polymer backbones following the direction of solidifi-
cation during solution coating.

The high crystallinity of PBTTT has allowed for
modeling of the unit cell based on XRD data, which is
generally not possible for conjugated polymers due to
the disorder present in solution-processed films.?>
These calculations are also in agreement with near-
edge X-ray absorption fine structure (NEXAFS) mea-
surements of the backbone and side chain tilt angles at
the top surface of PBTTT films.>* However, a recent
thorough analysis of XRD reveals that the degree of
paracrystalline disorder in the 77—z stacking direction
is high even in this highly crystalline semiconducting
polymer system.>> Although micrometer-sized topo-
graphic features are observed in the terraced or ribbon
morphologies, XRD and transmission electron micro-
scopy (TEM) work has shown that in-plane coherent
ordering in these films is likely to be on much smaller
length scales of ~7 nm.2"26 It is therefore important to
distinguish between coherent crystalline domains and
quasi-domains of parallel backbones which areimaged
in this work. A detailed analysis of the field-effect
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Figure 1. (a) Molecular drawing of a PBTTT monomer with
the NEXAFS transition dipole moments (TDMs) and the
relevant angles for the X-ray angle of incidence (6) and
molecular orientation (y) measured with respect to the
substrate. The in-plane component M of the total TDM
resonance |D| is drawn in orange with its in-plane orienta-
tion f3. (b) Arbitrary molecular energy levels for a 7-con-
jugated system with the NEXAFS spectrum arising due to
transitions from the Cl1s to the antibonding molecular
orbitals (an optical transition is shown in green for
reference) and above the ionization potential (IP).

mobility anisotropy in aligned PBTTT films also stressed
that the nature of the quasi-domain boundaries seems
to influence the overall mobility,?” similar to the ob-
servations made for aligned P3HT films.?® In isotropic
nanoribbon PBTTT films, scanning Kelvin probe micro-
scopy has shown that charge trapping in this particular
morphology seems to predominantly occur at the
edges of ribbons, indicating that these quasi-domains
may be most influential in determining the average
mobility.>? The good charge transport properties and
the rich microstructure of PBTTT thus make it an
excellent material for the study of structure/function
relationships.

In this contribution, we utilize NEXAFS spectroscopy
and STXM to study the domain structure of the various
PBTTT morphologies and present mechanisms for
structure formation. In the first part of the article, we
analyze surface-sensitive NEXAFS spectra of zone-cast
and spin-coated films as-deposited as well as after
annealing into the terraced and nanoribbon morphol-
ogies. We then characterize the bulk morphology of
the entire film thickness by taking STXM images with
high lateral resolution: For the terraced morphology,
we obtain similar domain orientation maps as pre-
viously presented by Zhang et al. using a dark-
field transmission electron microscopy (DF-TEM) tech-
nique'? but with higher angular resolution. We extend
this work to map the domain orientation of isotropic
and aligned nanoribbons. Furthermore, using our ap-
proach to map the local molecular order (previously
used for the study of polycrystalline poly(9,9’-dioctyl-
fluorene-co-benzothiadiazole) films'®), we reveal new
information about the quasi-domain structure and
molecular ordering in PBTTT films. Finally, we show
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Figure 2. AFM topography images of the as-prepared spin-coated (a) and zone-cast (b) sample with the zone-casting (Z-C)
direction as drawn. (c) Topography of the terraced morphology accessed after annealing. The height distribution histogram
of this terraced sample is shown in (d), yielding a step height of ~1.9 nm. The topography images of the nanoribbon
morphology after annealing a spin-coated sample (e) and a zone-cast sample (f).

that during the deposition of zone-cast PBTTT films a
high degree of surface alignment is produced that
templates bulk ordering during thermal treatment.

RESULTS AND DISCUSSION

In the following, we characterize the morphology of
PBTTT thin films both deposited by spin-coating as well
as zone-casting.>' A molecular drawing of the chemical
structure of a PBTTT monomer is shown in Figure 1a
together with its the NEXAFS transition dipole mo-
ments (TDMs). To characterize the molecular ordering
at the surface of films, we have utilized angle-resolved
NEXAFS spectroscopy. In this experiment, soft X-rays
are used to probe resonant transitions from the carbon
1s orbital into unoccupied molecular orbitals. Figure 1b
shows an arbitrary NEXAFS spectrum arising from
transitions into different unoccupied molecular states.

Isotropic PBTTT samples produced via spin-coating
on a bare silicon wafer with a native oxide were
measured as-spun and annealed into the terraced
and isotropic nanoribbon phases. AFM images of these
morphologies are shown in Figure 2a,c. As reported
previously, the as-spun sample has no apparent topo-
graphical features, while the terraced morphology
exhibits ~1.9 nm molecular steps of in-plane -stacked
backbone layers separated by their interdigitating side
chains (see Figure 2d).3° After annealing above the
second phase transition temperature, the isotropic
nanoribbons are formed, featuring ribbons with a
width of about one extended polymer chain ~60 nm,
as seen in Figure 2e (for height distribution, see
Supporting Information).?’ The NEXAFS spectra of
all samples are fairly similar to the spectrum of ter-
raced PBTTT shown in Figure 3a. The resonances as
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previously identified are the Cls — x* transition
around 285 eV, the C1s — ¢* of the carbon—hydrogen
and carbon—sulfur bonds at 287.1 eV, and the carbon—
carbon C1s — o* at 293.1 eV.**

Due to the localized nature of the Cls orbital,
analysis of the different NEXAFS resonances allows
assessment of the orientation of different parts of the
molecular structure. As shown in Figure 1b, the C1s —
¥ TDM (shown in red) is only found on the conjugated
backbone perpendicular to the ring planes.?*3' The
Cls — o* TDM, which is oriented parallel to the o
bonds, is predominantly found in the C-14 alkyl chains
(gray). However, the measurement is of the ensemble
of transition dipole moments (TDMs) within the sam-
ple, and the extracted molecular orientation represents
the average orientation. In order to accurately extract
the dichroism for an observed transition, we utilized
peak fitting of the observed resonances. Peak positions
were identified using difference spectra, and Gaussian
peaks were used to fit molecular resonances and a step
function to fit the ionization potential (plotted in the
Supporting Information). For PBTTT, we examine two
peaks in the 77* region at 284.5 and 285.1 eV as well as
a o* peak at 293.1 eV.

To measure the dichroism of the TDMs, the X-ray
angle of incidence, 6, onto a thin-film sample is varied.
A NEXAFS absorption event produces Auger elec-
trons from the core-excited carbon atoms. On the
way to the surface, these produce secondary electrons
through scattering, which can be used as a measure for
NEXAFS spectra with a probing depth of ~2.5 nm.3%%3
The surface-sensitive NEXAFS spectra of the terraced
PBTTT sample shown in Figure 3a were recorded at
incident angles of 6 = 20, 40, 55, 70, and 90°, and
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Figure 3. (a) Terraced PBTTT NEXAFS spectra for different
X-ray angles of incidence as defined in Figure 1a. (b) Peak
heights of the 1s — 77, * transition are plotted as a function of
6 and fitted to the theoretical function, eq 2, to extract the
tilt angle of the TDM. Also shown in part (b) are theoretical
peak height vs 0 plots for molecules oriented with the
polymer backbone perfectly flat (y = 0°), perfectly edge-
on (y = 90°), or oriented at the so-called “magic angle”
(y = 54.7°).

pronounced dichroism of the resonance peaks is
observed. Equation 2 was then used to calculate the
average tilt angle of the 7* and C—C ¢* TDM with
respect to the substrate plane, as shown in Figure 3b.
Two Gaussian peaks were fitted to the z* region of the
spectrum, and tilt angles of both 7* peaks were
analyzed individually. Although theoretically both an-
gles should be equal, their spread provides information
regarding the uncertainty of the measured tilt angles.
Since the ring-plane of the conjugated backbone is
perpendicular to the 7* TDM, the angle between the
backbone plane and the surface normal may be calcu-
lated as 90° — y (see Figure 1). All calculated values
for y are between 63 and 72°, indicating a pronounced
edge-on character of the polymer backbone, with
slightly lower y values found for the isotropic nanorib-
bon sample. It is important to note that these values
are to be understood as the average of a distribution of
molecular tilt angles, even though the values are far
away from the “magic” angle 54.7°2' which could
represent an entirely amorphous sample as well as a
narrow distribution around 54.7°. The actual distribution
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Figure 4. NEXAFS spectra of the aligned nanoribbon sam-
ple. The X-ray angle of incidence dependence is shown in (a)
for an in-plane azimuth angle of ¢ = 0° while the ¢
dependence is shown in (b) for an X-ray angle of incidence
of 6 = 90°. Both measurements show strong dichroism.

of tilt angles cannot be measured using the surface
NEXAFS scans but can be calculated from bulk scans as
discussed below. Since the majority of the o* TDM is
found on the side chains as opposed to the backbone,
the tilt angle of this TDM can be seen as a measure of the
tilt angle of the side chains. The calculated value is very
similar for all samples at around 45°, which is again
sufficiently away from the magic angle.

Since the fitting results for all spin-coated samples
are very similar to each other and in good agreement
with results published previously for the terraced
morphology,®* we can conclude that the molecular
orientation at the surface is very similar for all samples
despite the large differences observed in the topogra-
phy in Figure 2a,c,e for the as-spun, terraced, and
isotropic nanoribbon samples, respectively. The fact
that the rather amorphous topography of the as-spun
PBTTT film revealed by AFM (compared to the ex-
tended terraces of the annealed film) exhibits pro-
nounced dichroism highlights the weakness of AFM
for providing information regarding film microstruc-
ture and the importance of X-ray characterization
methods. Crystallites have also been observed to be
present in both the terraced and as-spun morpholo-
gies with bulk-sensitive X-ray scattering, but with
smaller and slightly less oriented crystallites with re-
spect to the substrate for the latter morphology.>'®
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TABLE 1. Measured Tilt Angle y of the 7* TDM and Side
Chains (C—C o* TDM) of the Spin-Coated (Isotropic) and
Zone-Cast (Aligned) PBTTT Samples (the Latter Measured
at an Azimuthal Angle of ¢ = 0°)

transition

sample 711* 284.5 eV 71,* 285.1 eV 0% 293.1eV
terraced PEY (ref 22) 90° — 21° = 69° 45°
as-spun (isotropic) 67° 67° 44°
terraced (this study) 69° 68° 44°
isotropic nanoribbon 66° 63° 45°
as-zone-cast 72° 71° (44°)
aligned nanoribbon 67° 64° (44°)

A similar picture is seen for the aligned films depos-
ited by zone-casting. In these samples, the polymer
backbone is aligned parallel to the zone-casting direc-
tion by means of directed solidification of the solution
during deposition. The as-zone-cast morphology does
not exhibit any apparent topological features, as
shown in Figure 2b, similar to its isotropic counterpart.
After annealing through the second phase transition,
the characteristic aligned nanoribbons are formed as
previously reported?' and seen in the topography
image in Figure 2f. In order to account for the loss of
rotational symmetry in the samples, the NEXAFS spec-
tra have to be measured as a function of the in-plane
azimuth angle ¢. Figure 4 presents NEXAFS spectra of
the aligned nanoribbon sample as a function of X-ray
angle of incidence, 6 (at ¢ =0°), and as a function of the
in-plane azimuth angle, ¢ (for 8 = 90°) (see Supporting
Information for as-zone-cast). When rotating the sam-
ple at normal X-ray incidence, a significant change in
the z* absorption intensity is observed. Strong absorp-
tion is observed for ¢ = 0° and 6 = 90° corresponding
to the X-ray polarization being perpendicular to the
zone-casting direction, as expected for polymer back-
bones aligned in the zone-casting direction. These
spectra are similar to the spectra presented previously
for an aligned nanoribbon film.> While the pronounced
dichroism of the z* absorption indicates strong back-
bone alignment, only small dichroism is observed in
the ¢* transition when varying the X-ray angle of
incidence 6 or when rotating ¢. For further analysis,
itis possible to calculate the tilt angle y from scans with
varied 6 using eq 3, and the results are also presented
in Table 1. For ¢ = 0° the backbone tilt angles cal-
culated from the 77,* and 7,* peaks are again similar to
those found for the isotropic samples, as shown in
Table 1.1tis interesting to note that the fitted values for
the side chains o* are again close to 45°. When fitting
the tilt angles using eq 3 for aligned samples, this angle
represents the magic angle, where a completely ran-
dom distribution of the TDMs is possible. However,
since the same angle was extracted for the isotropic
samples, where the consistent value of 45° is signifi-
cantly away from the magic angle of 54.7° (for isotropic

SCHUETTFORT ET AL.

samples), it is likely that the tilt angle of the side chains
isindeed close to 45°. Since the dichroism is small upon
rotation around ¢, a preferential direction of the 45°
tilted side chains with respect to the zone-casting
direction cannot be extracted.

It is important to mention that the z* absorption
does not go to zero upon rotation around ¢ but keeps a
constant background value independent of the X-ray
angle of incidence. According to eq 3, no matter what
value is found for the tilt y of the 7* TDM, the =*
absorption should always go to zero for 6 = ¢ = 90° for
perfectly aligned polymer chains (when using the
undulator photon source with a polarization ratio
P =~ 1). We therefore attribute this significant absorp-
tion to a substantial misalignment of the polymer
backbones from the zone-casting direction. This mis-
alignment is confirmed by the STXM images in the
form of elongated domains with backbone direction
diverging from the zone-cast direction as shown and
discussed in detail below.

The surface-sensitive NEXAFS spectra can also be
used to provide insight into the ordering mechanism of
the zone-casting process. For both the aligned nanor-
ibbon (Figure 4) and the as-zone-cast sample, pro-
nounced dichroism is observed in the surface
NEXAFS spectra upon rotation around ¢, as shown in
Figure 5b in the 77* region of the spectra (full spectrain
Figure 4 and Supporting Information). However, this is
not observed in optical anisotropy measurements in
Figure 5a which probe the 7—* absorption through-
out the bulk of a film (inclusive of the film surface). This
m—m* TDM is parallel to the backbone in thiophene
polymers, and optical anisotropy measurements have
been used previously in order to establish the degree
of alignment of PBTTT films.?' As shown in Figure 5a,
the optical anisotropy is significantly lower in the as-
zone-cast film, indicating that the degree of back-
bone alignment in the bulk is inferior to the aligned
nanoribbon morphology, in agreement with previous
measurements.>’>” The optical and X-ray anisotropy
can be quantified as a measure for backbone align-
ment in the bulk and at the surface, respectively, using
the expression

A —AL

- A+AL M

The values of Dy, presented in Table 2 are calculated
at the maximum of the absorbance at 2.3 eV, where
Dpui takes on its largest value in the spectrum. The
value of Dy, derived for the as-zone-cast sample is
significantly lower than for the aligned nanoribbon
sample. On the other hand, the dichroism values of the
surface-sensitive NEXAFS spectra calculated using eq 1
are almost equal with D+ = 0.72 and D¢ = 0.73 for
the as-zone-cast and aligned nanoribbon samples,
respectively, at 285.1 eV (the energy where the largest
dichroism is found). Furthermore, the values for D+
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Figure 5. (a) Optical (bulk) absorption of the as-zone-cast (AZC) and aligned nanoribbon (al. NR) sample with polarization
parallel and perpendicular to the zone-cast direction (data from ref 27). Bulk dichroism of the as-zone-cast sample is
significantly reduced compared to the aligned nanoribbon sample. (b) NEXAFS (surface) spectra at normal X-ray angle of
incidence (6 = 90°). The ordering mechanism is drawn in (c) and (d), where the as-zone-cast sample in (c) is predominantly
aligned at the surface with randomly oriented crystallites and amorphous chains in the bulk, while the aligned nanoribbon

sample in (d) is aligned throughout the bulk.

TABLE 2. Values of the Optical (Dp,) and NEXAFS (Dgy,)
Dichroism and the Mobility in Chain (¢packbone) and 7—x
Stacking (u«,, ) Direction (Perpendicular to the Backbone
and Parallel to the Ribbons in the Aligned Nanoribbon
Sample; Given in [cm? (Vs)'])°

sample [ Dyuik Un—n Ubackbone
as-zone-cast 0.72 0.17 0.036 0.29
aligned NR 0.73 0.74 0.088 0.36

“Itis clear that, for the as-zone-cast sample, the optical dichroism is significantly
lower compared to the aligned nanoribbon film, while the NEXAFS dichroism and
the backbone mobility values at this surface are similar in the as zone-cast and
aligned nanoribbon sample.

are almost equal to the value found in the bulk of the
aligned nanoribbon sample. This observation indicates
that the same amount of alignment is present at the
surface directly after zone-casting and after annealing.
When assuming the same probing depth for the PBTTT
total electron yield (TEY) spectra as previously deter-
mined for P3HT at ~2.5 nm,*? one would expect an
optical dichroism of Dy = Dsy$(2.5 nm/70 nm) = 0.036
for the 70 nm thick zone-cast film if all aligned polymer
chains were within the NEXAFS probing depth and
there was no further alignment in the bulk. However,
the measured value Dy, = 0.17 for the entire film
thickness is larger, which indicates that aligned poly-
mer backbones are not found exclusively at the top
surface but also buried deeper in the film than the
probing depth of the TEY measurement. From this
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analysis, we conclude that the alignment of polymer
chains is formed predominantly at the surface of the
PBTTT films during zone-casting and templates the
bulk ordering during annealing as sketched in Figure 5.
We speculate that the alignment of polymer chains is
decreasing from the surface into the film. In an earlier
publication, where aligned PBTTT films were prepared
using a flow-coating technique that is conceptually
similar to the zone-casting technique employed here,
the alignment mechanism was not entirely clear.® Our
measurements show that the alignment is produced at
the top surface of the film, probably due to the shear
force exerted by the bar onto the film surface or the
curvature of the solution/air interface during solvent
evaporation.

The surface alignment on the as-zone-cast film is
further confirmed by mobility anisotropy measure-
ments in top-gate bottom contact OFETs shown in
Figure 6. In this transistor geometry, charge accumula-
tion occurs at the top surface of the PBTTT film, the
same surface that is probed with NEXAFS spectroscopy
prior to deposition of the gate dielectric. When the
saturation mobility is measured perpendicular and
parallel to the polymer backbone direction in aligned
nanoribbon films, significant mobility anisotropy
is observed as presented previously for bottom-
gate OFETs.?” In the top-gate structure, the mobility
parallel to the backbone direction is very similar
With tpackbone = 0.29 cm?/(Vs) for the as zone-cast
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Figure 6. Transfer curves of top-gated devices at a source—
drain voltage of Vsp= —60 V measured perpendicular and
parallel to the zone-casting direction for (a) the aligned
nanoribbon and (b) the as zone-cast morphology.

and Upackbone = 0.36 cm?/(Vs) for the aligned nanor-
ibbon sample calculated from the transfer curves
shown in Figure 6 and summarized in Table 2. This
strongly supports our alignment model sketched in
Figure 5: The same degree of backbone alignment at
the surface of as-zone-cast and aligned nanoribbon
films allows for efficient charge transport parallel to
the backbones, despite less alignment being found
in the bulk of as-zone-cast samples. For the as-zone-
cast morphology, the charge mobility for transport
along the m—m stacking direction perpendicular to
the aligned backbone, s, ., = 0.036 cm?/(Vs), is signifi-
cantly lower than that of the aligned nanoribbon sample,
Us—-=0.088 cm?/(Vs). This difference in mobility along
the m—zm stacking direction can be attributed to the
presence of defects in the m—m stacking, which are
healed through ribbon formation.

A more detailed picture of the morphology of PBTTT
films emerges when probing the NEXAFS absorbance
locally. STXM has been extensively used to map the
morphology of conjugated polymer blends for solar
cell application as it allows for chemical sensitivity in
blends at high resolutions.®**3> The polarization of
synchrotron radiation also allows local mapping of the
dichroism of thin films, as shown for pentacene'® and a
high mobility electron transporting polymer.3® For
these measurements, we have recently presented a
novel analysis method together with measurements
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on poly(9,9’-dioctylfluorene-co-benzothiadiazole) (F8BT)
to extract images detailing the local degree of order and
local tilt angle y of the s* TDM.'®

In order to investigate the long-range backbone
orientation, we performed bulk-sensitive STXM mea-
surements which probe the entire film thickness. After
annealing, the spin-coated and zone-cast samples
exhibit strong local dichroism of the 1s—z* transition,
which is inverted upon polarization rotation (see Sup-
porting Information). The locally resolved backbone
orientation of PBTTT thin films is calculated using eq 4
from STXM images recorded with rotated in-plane
polarization (0, 45, 90, and 135°). When comparing
the AFM image shown in Figure 7a and the backbone
orientation map (b) of the terraced morphology, it
becomes clear that domains of parallel backbones
are larger than the average size of the topological
terraces. Note that the AFM image was taken at a
different position of the same film, while the property
maps calculated from STXM all correspond to the same
location. The fact that domains of parallel backbones
are observed means that out-of-plane registry be-
tween terraced layers within the film exists for parallel
backbone alignment of adjacent layers. This is ex-
pected for PBTTT due to the side chain interdigitation
which is generally thought to promote the ordering of
the material.>® Similar maps of the backbone orienta-
tion have been calculated from DF-TEM images by
Zhang et al. for terraced PBTTT.'? Despite the higher
resolution of this electron scattering approach (3.8 nm
pixel size), the quality of the orientation maps is limited
due to experimental artifacts such as arcing of the
diffraction peaks, which could indicate multiple crystal-
lite orientations, as well as the presence of other
scattering peaks and diffuse backgrounds, which may
contribute to the signal in the aperture. Therefore,
these high-resolution DF-TEM measurements can only
distinguish eight angular orientations of the crystal-
lites. Even though the STXM approach only measures
four angles of incidence of the polarization, the precise
angle of the TDM ensemble can be fitted using eq 4
due to the well-known cos? relationship of the reso-
nance intensity to the angle between the X-ray polar-
ization and the TDM. It is also important to emphasize
that in this approach only the ordered polymer back-
bones are included in the backbone orientation map,
as only the in-plane magnitude of the directed reso-
nance intensity (parameter M in eq 4 as depicted in
orange in Figure 1a) is oriented at the plotted angle f3.
The isotropic contribution extracted from the fit can be
used to calculate the degree of order as discussed
below. Furthermore, STXM measurements allow for
direct thickness normalization by simply imaging at
an energy that is not in resonance with any dichroic
transitions. In the DF-TEM study, the authors observed
speckles ~20 nm in size within the quasi-domains of
parallel backbones, which were related to coherent
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Figure 7. (a) AFM image of terraced PBTTT on mica substrate before floating off for X-ray transmission measurements. (b)
Backbone orientation map calculated from multiple STXM images taken of the same spot of the film but with different
incident linear polarization of the X-ray beam, (c) the rate of change of the backbone orientation, (e) the local tilt angle map,
and (f) the % order. (d) Details the histogram of the local tilt angle map by including all pixels (light blue), pixels with >25%
order, >33% order, and >45% order (dark blue). Two nearby pairs of half integer disclinations are circled in red and black in (b),

(c), (e), and (f) (two disclinations in each circle).

crystalline domains. In fact, the diffraction method is
only sensitive to coherent crystals, while the STXM
measurements presented here probe the ensemble
of Cls — z* TDMs within any given pixel and is
therefore sensitive to the degree of orientational order
of aligned backbones as discussed in detail below. The
backbone orientation map for PBTTT exhibits the
characteristics of a nematic liquid crystal, with half
integer disclinations with opposite signs found in pairs
similar to previous observation.'? Furthermore, two
pairs of half integer disclinations are often found in
close vicinity, with the same sign found at opposite
corners of the formed square.

It has often been discussed that large angle grain
boundaries may have a greater impact on the charge
transport performance compared to low-angle bound-
aries.'? In order to illustrate the presence of large
angle boundaries of the domains of parallel back-
bones, we calculate the rate of change of the
polymer backbone per pixel as drawn in Figure 7c.
There is a clear population of “high-angle” boundaries
with >25° change in orientation per pixel, but these
rarely enclose areas within the film, so that percolation
paths may exist around these barriers. These quasi-
domain boundaries are rarely more than two pixels
(80 nm) wide, which is the resolution limit for this
sample. Interestingly, the backbone derivative map
also reveals substructure that is not apparent in the
backbone orientation image. Specifically, texturing is
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observed within quasi-domains in addition to the high-
angle domain boundaries mentioned above.

The local degree of order can be calculated using
eq 8, which compares at any given pixel the strength of
the directed TDM to the total resonance intensity (TRI),
which originates from absorption processes averaged
over all incoming X-ray polarizations (all assumptions
are detailed in the Methods section). The calculated
degree of order is therefore not a measure of the
degree of crystallinity, but rather the degree to which
the molecular moieties are oriented in the same direc-
tion, with no reference to their translational order.
When comparing the backbone orientation map in
Figure 7b to the percentage order map in (f), it is clear
that the sites of half integer disclinations always corre-
late with sites of reduced order. Considering that a
disclination by definition is a point where different
backbone directions converge, this is in agreement
with our understanding of the calculated order. Re-
gions of reduced order are also found along high-angle
domain boundaries. This highlights the advantage of
using X-ray absorption characterization techniques
over scattering and topography measurements to fully
characterize the morphology of thin films.

The average degree of order for the terraced mor-
phology in Figure 7f is only around 35 + 6% (errors are
estimated from a variation around TRl = 2.4 4+ 0.2;
see Supporting Information), which is significantly
lower than that of the semicrystalline F8BT previously
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Figure 8. (a) AFM image of isotropic nanoribbon PBTTT on a mica substrate before floating off for X-ray transmission
measurements. (b) Backbone orientation map calculated from multiple STXM images taken at the same spot of the film but
with different incident linear polarization of the X-ray beam, (c) rate of change of the backbone orientation, and (f) degree of
order map. The local tilt angle is shown in (e) and the corresponding histogram including all pixels (light green), pixels with
>48% order, >54% order, and >65% order (dark green) in (d). The red circles in (b), (c), (e), and (f) indicate the locations of

individual half integer disclinations.

investigated with this approach.’® The low values of
the degree of order could be due to the lack of
interlayer registration of the polymer backbone direc-
tion. However, in an X-ray scattering study, it was found
that even for quite thick (~70—100 nm) annealed
PBTTT films the lamellae ordering extended all the
way through the film thickness.'® This is also in agree-
ment with the DF-TEM results of terraced PBTTT, where
for most of the pixels one predominant orientation was
observed, although the scattering peaks exhibit arcing
which could be related to a distribution of backbone
orientations.'? In the STXM data analysis, changes of
the backbone orientation within the resolution of the
experiment (~70 nm) also reduce the calculated de-
gree of order. It is therefore reasonable to assume that
the relatively low calculated order in the terraced films
is not caused by lack of layer-to-layer registration of the
backbone orientation but is predominantly caused by
a large rate of change of the backbone orientation
within a given pixel and between neighboring pixels.
However, the degree of order distribution is fairly
broad, and only within the largest quasi-domains the
degree of order is in fact fairly large with values >60%.
While we cannot assess the degree of order within the
coherent crystallites, which is expected to be 100%
because of the lamellae crystal structure, the long-
range order is reduced due to the relatively small quasi-
domains and areas of nonparallel backbones.

A slightly different trend is observed for the local tilt
angle shown in Figure 7e. This angle is formed be-
tween the vectors M and D, as depicted in Figure 1a
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and can be calculated using eq 9. The distribution of tilt
angles shown in Figure 7d is rather broad, and the
center is found around 47 + 12°. This value is signifi-
cantly different from the surface NEXAFS value of 68°
found for terraced PBTTT as described above. This
apparent inconsistency may be due to the fact that
within the film the PBTTT backbone is actually tilted by
an additional ~21° from the substrate normal. How-
ever, this is not in agreement with the unit cell calcula-
tions based on X-ray diffraction data of terraced PBTTT
films*® and X-ray scattering data that showed that
lamellae crystallites extend all the way through the
film thickness.'”® When comparing the tilt angle map
(Figure 7e) to the degree of order map (Figure 7f), it can
be seen that sites of reduced order such as the half
integer disclinations correspond to lower tilt angle
values. In fact, the calculated tilt angle histogram in
Figure 7d shifts to higher values when considering only
regions with a certain degree of order. For pixels with
>60% order, which are found within the larger quasi-
domains, the tilt angle approaches 54°. The tilt angle
from eq 9 is calculated for the ordered transition dipole
moment, which does not necessarily reflect coherent
translational order probed by X-ray diffraction. The fact
that the tilt angle in the bulk is reduced at sites of lower
order could reflect that the oriented backbones, which
are not necessarily crystalline, may have a reduced tilt
angle compared to the crystals and the film surface.
Since good agreement is found between the bulk and
surface tilt angle for the aligned nanoribbon sample
(vide infra), the lower value for the terraced sample may
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indeed reflect a difference in molecular orientation
between the bulk and the surface for this sample
caused by aligned backbones that are not within
coherent crystallites.

A slightly different picture emerges when analyzing
the STXM images of the isotropic nanoribbon sample,
summarized in Figure 8. Comparing the AFM image in
Figure 8a to the backbone orientation map (b) (not
taken at the same spot of the film) shows that the
backbone direction follows the orientation of the
ribbons as expected and that quasi-domains of parallel
backbones consist of many parallel ribbons. In this
morphology, the density of the nematic liquid crystal-
line half integer disclinations is much lower and the
backbones are much more homogeneously aligned.
We observe two clusters each with two pairs of half
integer disclinations spaced much further apart com-
pared to the terraced morphology shown in Figure 7b.
It is again evident that the disclinations correspond to
sites of low order in the order map Figure 8f. The
backbone derivative map (Figure 8c) shows that in this
sample there are regions with large change of back-
bone direction (>25° per pixel) only at the sites of
disclinations. There is no network of high-angle bound-
aries as observed for the terraced sample in Figure 7c.
Furthermore, additional substructure is again observed
in the backbone derivative map in Figure 8c with a
change in angle <15° per pixel. These features indicate
that within the large quasi-domains of the isotropic
nanoribbon sample the direction of the backbone
angle does not change smoothly but rather abruptly.
Changes in the backbone orientation are therefore
promoted throughout the terraced layers by the side
chain interdigitation, which is in agreement with the
picture obtained for the terraced morphology with
lower order in Figure 7. The features are also of similar
size as the quasi-domains of the terraced morphology
and of the same width (~80 nm) as the high-angle
domain boundaries in Figure 7c. This may be related to
a maximum size that the quasi-domains with perfectly
parallel backbones can obtain within the isotropic
nanoribbon morphology.

After annealing and cooling into the isotropic nano-
ribbon morphology, the average percentage order
shown in Figure 8f is increased to 57 + 4%. From this
map, it can be seen that the areas with largest degrees
of order are found where the backbone direction is
constant over larger areas and reduced at sites of half
integer disclinations. This observation indicates that
the increased average degree of order is related to a
more homogeneous backbone orientation within the
quasi-domains. Similar to the terraced PBTTT sample,
the average degree of order of the isotropic sample is
largely independent of the different input parameters
(see Supporting Information).

A quite drastic change is observed for the tilt angle
for the isotropic nanoribbon sample. The tilt angle
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distribution shown in Figure 8e is narrower compared
to the terraced sample in Figure 7d with the average tilt
angle of the distribution around 45 + 5°. This is a much
stronger tilted backbone compared to the 65° tilt
observed in the surface NEXAFS and quite unexpected
considering that even in the isotropic case the ribbon
morphology has a larger degree of order with edge-on
backbones within the layers. Similar to the terraced
sample, it can be seen that a reduced tilt angle value
in Figure 8e is found predominantly at the sites of
half integer disclinations, where the degree of order
is also low (Figure 8f). However, when considering
only pixels with >65% order anywhere in the film,
this value is decreased further to only 41°. To our
knowledge, no X-ray scattering data exist for isotropic
nanoribbon samples to compare with this measured
bulk tilt angle. Analogous to the terraced sample
discussed above the tilt angle may be influenced
by aligned backbones that are not within coherent
crystallites. Itis likely that these are found at sites of low
order such as half integer disclinations and throughout
the quasi-domains, where low-angle domain bound-
aries are present as seen in Figure 8c. Although
the apparent discrepancy between surface and bulk
orientation could furthermore be influenced by the
uncertainties in the input parameters necessary for
calculating the bulk tilt angle from STXM, it is possible
that surface and bulk have different characteristic tilt
angles warranting closer examination in future experi-
ments that exclusively probe the backbone tilt angle
in the bulk.

Interesting features are also observed in the STXM
measurements of the aligned nanoribbon sample
shown in Figure 9. An immediate observation from
the backbone orientation map in Figure 9b is that the
polymer backbones are not perfectly aligned with the
zone-casting direction. Elongated domains with alter-
nating backbone orientation are observed, with orien-
tation deviating by as much as 45° from the casting
direction. Close examination of the AFM images (see
Figure 9a) and also the higher resolution image in
Figure 2f reveals evidence for misalignment of nano-
ribbons as sketched in the inset of Figure 9a. It has been
suggested that the ribbons are formed by stretched
polymer backbones due to the correlation of the
ribbon width with polymer chain length.?' Using the
backbone orientation map in Figure 9b, it is clear that
the backbones are always perpendicular to the ribbon
orientation but not necessarily parallel to the zone-
casting direction. Therefore, even in this highly aligned
morphology, we observe quasi-domains of parallel
backbones on relatively large length scales. This is in
agreement with the surface NEXAFS measurements
shown in Figure 4b, where the 7* resonance does not
go to zero upon rotation of the polarization parallel
to the zone-casting direction at normal X-ray incidence
(0 = ¢ =90°), indicating that a significant proportion of
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Figure 9. (a) AFM image of aligned nanoribbon PBTTT on mica substrate before floating off for X-ray transmission
measurements. The inset shows a magnified drawing of the ribbon orientation (black) and backbone directions (red). (b)
Backbone orientation maps calculated from multiple STXM images taken of the same spot of the film but with different
incident linear polarization of the X-ray beam, (c) rate of change of the backbone orientation. (e) Calculated local tilt angle and
(f) the degree of order map. The histogram in (d) shows the distribution of tilt angles for all pixels (light red) and for >59, >77,

and >86% order.

the polymer chains are not parallel to the zone-casting
direction.

The backbone derivative map in Figure 9c has
been rescaled, as no high-angle domain boundaries
(>25° per pixel) are observed. The rescaled image
features domain boundaries with a maximum of
~10° change of the backbone orientation per pixel.
However, it can be seen that the domain boundaries
extend up to five pixels (375 nm) in width (with
<150 nm resolution). Integrated over this width, the
change in backbone orientation can be more than
the 25° defining high-angle domain boundaries.
High-angle domain boundaries are therefore present
in aligned nanoribbons but extend over relatively
larger areas. This observation can be directly correlated
with a reduction in the degree of order along these
domain boundaries in the degree of order map in
Figure 9f. Again, the reduced degree of order can be
either due to an increased amorphous fraction or due
to misalignment of the backbones within the indivi-
dual pixels. The average degree of order of the aligned
nanoribbon morphology is measured to be 83 + 1%,
significantly higher than that measured for the isotro-
pic nanoribbon sample linking the backbone align-
ment with a larger degree of order. A significant
number of pixels have close to 100% order, which
would indicate perfectly aligned polymer back-
bones throughout the bulk of the film and within the
resolved area.
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The large degree of order in the aligned nanoribbon
sample is also reflected in the calculated tilt angles. A
distribution of tilt angles with an average of 58 & 5° is
observed when including all pixels and increasing
to 63° when including only pixels with >95% order as
shown in the histogram in Figure 9d. This is in good
agreement with the measured tilt angles at the sample
surface between 64 and 67° as described above,
indicating that the backbones are edge-on throughout
the film and that there is excellent interlayer registra-
tion of the backbone orientation. It is interesting to
note that the broad quasi-domain boundaries with
relatively lower degree of order only slightly influence
the average tilt angle within the bulk of the film. The
fact that good agreement is observed between the
surface and bulk tilt angle for this sample suggests that
for the isotropic nanoribbon film the lower calculated
bulk tilt angle is indicative of real differences in the
surface and bulk orientations introduced by the frac-
tions with lower degree of order.

When comparing results of the STXM data analysis
for the terraced, isotropic nanoribbon, and aligned
nanoribbon sample, we can draw the following con-
clusions. The calculated degree of order increases after
annealing from the terraced to the nanoribbon mor-
phology and further increases when aligning the
nanoribbons using the zone-casting technique. This
is in agreement with our understanding of the calcu-
lated percentage order, which is a reflection of the
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strength of the dichroism at any given pixel, so that
samples with larger change of backbone direction
(terraced sample) are expected to have a reduced
calculated degree of order compared to samples with
aligned backbones (aligned nanoribbon sample). Re-
duced order is found around the nematic liquid crystal
disclination sites and along the high-angle domain
boundaries which are observed in the terraced sample.
For the aligned nanoribbon sample, excellent agree-
ment of the calculated tilt angle with the surface
NEXAFS measurements is observed, indicating that
the unit cell structure at the surface prevails all the
way through the bulk of the film. The distribution of tilt
angles is larger in the terraced and isotropic nano-
ribbon sample, and the lower average values may be
caused by oriented backbones without coherent trans-
lational order.

Both the degree of order maps and backbone
derivative maps therefore indicated potential sites of
charge traps. This has been observed in F8BT due to
the strong correlation of high-angle quasi-domain
boundaries with the emission maps of light-emitting
FETs.'® It has also been shown using high-resolution
scanning Kelvin probe measurements that in isotropic
nanoribbon PBTTT films the sites of charge traps are at
the edges of the nanoribbons, which cannot be re-
solved here” The fact that the degree of order in
isotropic nanoribbon samples is lower compared to the
aligned nanoribbon sample indicates that the change
in ribbon orientation may increase the trap density at
the edges of ribbons. High-angle domain boundaries
can be observed in the terraced and aligned nano-
ribbon morphology; however, percolation paths may
exist around them in both cases.

Large saturation mobility differences have been
observed in PBTTT FETs on different substrates. An-
nealing of the as-cast morphology into the terraced
morphology on octyltrichlorosilane (OTS)-treated SiO,
bottom-gate FETs produced large terraces and a great-
er than 2-fold increase of the saturation mobility, while
on bare SiO,, only small terraces and a lower field-effect
mobility were observed.*® The DF-TEM study discussed
above suggested that films with different quasi-do-
main sizes in bottom-gate FETs showed no differences
in their field-effect mobilities, and it was suggested
that this may be related to the same density of high-
angle domain boundaries in both films.'? Another
study imaged terraced PBTTT using TEM and observed
coherent crystallites on a ~10 nm length scale.?® Next
to high-angle domain boundaries, traps may also be
present at the edges of coherent crystallites. Analysis of
the electrical properties of OTS-SiO, FETs using the
“mobility edge” model allowed the authors to con-
clude that the trap density is, in fact, similar to the
values found in P3HT, indicating that the larger mobi-
lity in coherent crystallites rather than the formation of
terraces is the origin of the superior performance of
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PBTTT. Another publication by the same group also
emphasized the importance of grain boundaries in
aligned P3HT FETs, where high-angle domain bound-
aries or boundaries with different backbone tilt pose a
significant transport barrier.?®

Isotropic nanoribbon devices show a similar depen-
dence of the performance on the gate dielectric used
as the terraced devices.”” The saturation mobilities
vary from study to study due to the different deposi-
tion techniques, but the performance of isotropic
nanoribbon FETs does not seem to show a clear
improvement over the terraced PBTTT morphology,
even though the former morphology has a significantly
larger average degree of order of 57% compared to
only 35% for the terraced sample and a network of
high-angle domain boundaries cannot be resolved in
this study. However, the observation of substructure
within the quasi-domains in Figure 8c on a length scale
of several hundreds of nanometers may indicate that
“low-angle” domain boundaries may, in fact, be sig-
nificant to charge transport due to their increased
density in this morphology. The performance of
aligned nanoribbon samples in both the polymer
backbone and the nanoribbon direction also does
not exceed the mobilities observed for the isotropic
samples. It has been shown that the degree of para-
crystallinity calculated from normalized X-ray diffrac-
tion still characterizes this morphology as being close
to amorphous.”® However, the fact that the polymer
backbone orientation deviates by as much as 45° from
the zone-casting direction indicates that the simple
picture of charge transport in the backbone and ribbon
direction is not completely accurate. Transport along
the zone-casting direction is likely to be influenced also
by the defects in the 7—x stacking. Perpendicular to
the zone-casting direction, high-angle domain bound-
aries with reduced order exist, which are likely to act as
significant barriers for transport. This study therefore
shows that all length scales of ordering need to be
considered in order to fully understand the complex
microstructures of the different PBTTT morphologies.

CONCLUSION

In conclusion, this paper summarizes a detailed
structural characterization of the different PBTTT thin-
film morphologies. The surface-sensitive NEXAFS mea-
surements reveal a large dichroism for all morpholo-
gies, indicating that pronounced out-of-plane lamella
ordering is present even in the as-deposited morphol-
ogies despite a lack of evidence for surface ordering in
the topography. When rotating zone-cast films around
the out-of-plane axis, the NEXAFS spectra at normal
incidence exhibit strong dichroism in the 7* absorp-
tion, confirming backbone alignment. Combined with
optical spectroscopy, the NEXAFS measurements of
the zone-cast films give evidence of the ordering
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mechanism that aligns the polymer backbones.
Zone-casting produces aligned polymer backbones
predominately at the surface of the film, with thermal
annealing promoting the alignment into the bulk.
STXM images of the terraced, isotropic, and aligned
nanoribbon morphologies reveal the in-plane back-
bone orientation of the thin films. The terraced and
isotropic nanoribbon films exhibit nematic liquid
crystalline order with characteristic half integer dis-
clinations. Maps of the rate of change of backbone
angles highlight the presence of high-angle domain
boundaries that may serve as deep-trapping sites.
The backbone orientation in aligned nanoribbon
films shows that the backbone orientation is not
necessarily parallel to the zone-casting direction

METHODS

Film Deposition. PBTTT (M,, = 25.6 kg mol~', M,, = 46.8 kg
mol~', PDI = 1.83) was processed by dissolving in anhydrous
1,2-dichlorobenzne (95% ROMIL). Substrates were cleaned in a
sonic bath with acetone and 2-propanol before treatment in an
oxygen plasma for 10 min. Films of around 30 nm thickness
were prepared by spin-coating from a 10 g/L solution at
2000 rpm for 90 s. Aligned PBTTT films were produced by
zone-casting, where the solution is slowly deposited on a
substrate and directionally dried as the droplet is moved along
the substrate.?? Around 70 nm thick films were prepared as
reported previously by casting from a solution of 2 g/L PBTTT in
anhydrous 1,2-dichlorobenzene (95% ROMIL).?” Both the solu-
tion and the substrate were held at constant temperatures of
140 and 100 °C, respectively, during the deposition. The sub-
strate was moved underneath the nozzle at ~30 um s~ while
depositing the solution in nitrogen atmosphere. The aligned
nanoribbon films were obtained by placing the zone-cast films
onto a hot plate at 275 °C for a few seconds and slowly cooling
to room temperature in a nitrogen-filled glovebox.

NEXAFS Spectroscopy. Surface NEXAFS spectra at the carbon
edge were recorded with varying X-ray angles of incidence at
the Soft X-ray Spectroscopy Beamline at the Australian Synchro-
tron, Victoria, Australia.>® Nearly perfectly linearly polarized
photons (P ~ 1) from an undulator X-ray source with high
spectral resolution of E/AE < 10000 are focused into an
ultrahigh vacuum chamber on ~0.4 x 1 mm sample area. The
TEY signal of all photoelectrons ejected from the sample surface
was measured by recording the drain current flowing from the
sample. The limited escape depth of the photoelectrons from
within polymer films makes TEY NEXAFS surface-sensitive.
Measurements on poly(3-hexylthiophene) (P3HT) films deter-
mined the probing depth to be around 2.5 nm.3? The previously
described “stable monitor method” was employed to normalize
the recorded signal intensities.>* The incident photon flux is
measured using a gold mesh placed in the X-ray beam in front
of the sample for signal normalization. Prior to sample measure-
ments a clean sputtered gold specimen is measured in order to
determine the carbon contamination on the gold mesh, and
this contamination is assumed to be stable throughout the
following measurements. The normalized spectra were scaled
by subtracting a background which scales according to the
atomic scattering factors of the material prior to the onset of
the first feature setting (A(280 eV)) and dividing by A(320 eV).
The peaks' intensities in the spectra give information about the
orientation of the transition dipole moments (TDM) with respect
to the plane of the substrate. For carbon ring systems, it has
been shown that 1s (C=C) — z* TDMs are oriented perpendi-
cular to the ring plane.' For PBTTT, the 1s — sr* TDMs therefore
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but always perpendicular to orientation of the rib-
bons, which can divert up to 45° from the zone-
casting direction. This observation also explains the
nonzero st* absorption in surface NEXAFS scans when
aligning the E-field polarization parallel to the zone-
casting direction. The calculated degree of order and
tilt angle maps following our novel data analysis
method from the STXM data gives direct evidence
of the degree of order evolution for the different
samples and highlights that the liquid crystalline
disclinations are sites of low order in the film. The
characterization of the different PBTTT morphologies
in this study highlights the complex microstructure of
PBTTT on different length scales that affect charge
transport in PBTTT devices.

are perpendicular to the plane of the thienothiophene and
thiophene rings, while the 1s (C—C) — o* TDMs are oriented
parallel to these bonds, which are predominantly found in the
tetradecyl side chains.>**" All transitions are localized on the
carbon atom of the excited electron due to the localized nature
of the Cl1s orbital. For a sample with threefold or higher
symmetry and nearly perfectly linearly polarized X-rays, the
dependence of the transition intensity / on the tilt angle y
between the TDM and the substrate and X-ray angle of in-
cidence, 0 is given by?'

1 1
I:§ 1+§(3c0520—1)(3c052y—1) (2)
For a sample with two-fold rotational symmetry, such as an
aligned polymer film found in the zone-cast PBTTT samples, the
relationship is altered to*'

I = cos? y cos® 0+ sin® y sin? 6 cos® ¢ (3)

where ¢ is the angle between the in-plane component of the
X-ray electric field vector and the alignment direction of the film.
However, it is important to realize that for both equations values
for the tilt angle y exist for which the predicted intensity is
independent of 6. A tilt angle of y = 54.7° (magic angle) in eq 2 or
y =45° (¢ = 0°) in eq 3 could represent an amorphous film with
random orientation of the TDMs or a film with a tilt angle at that
particular value of y. Only when extracting tilt angles close to
0 0or 90° can a narrow distribution of the molecular orientation be
unambiguously inferred. No beam damage was observed when
repeatedly recording spectra in the same spot, and this possibi-
lity was further reduced by moving to a fresh sample area for
every spectrum measured. Both the spectral normalization and
the peak fitting for tilt angle extraction were performed with the
Whooshka software package developed by Benjamin Watts.

Scanning Transmission X-ray Microscopy. STXM measurements
were performed at the PolLux beamline at the Swiss Light
Source, Paul Scherrer Institut, Villigen, Switzerland.**4" The
transmitted X-ray intensity through a sample in an evacuated
chamber was recorded using a scintillator and photomultiplier
tube. The details of the analysis used here closely follow that
described by Watts et al.'® but with a small change in the
molecular model, as briefly outlined below.

The signal was converted to an X-ray optical density OD =
In(lo/l) by comparing the signal to the X-ray intensity /o without
the sample in place. Spectra were recorded as a function of
energy between 280 and 320 eV with a resolution of 0.1 eV.
STXM images were recorded by mapping the OD as a function
of position with X-ray focus better than 25 nm diameter and
X—Y sample position resolution better than 1 nm. For the
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terraced and isotropic nanoribbon samples, the pixel size was
35 and 40 nm, respectively. However, each pixel was averaged
with its nearest neighbors in order to reduce noise, therefore
reducing the resolution to 70 and 80 nm, respectively. This was
not necessary for the aligned nanoribbon sample, where the
pixel size was 75 nm. For measurements allowing computation
of domain orientation and molecular order, a rotation stage was
used to rotate the sample with respect to the fixed linear
polarization of the synchrotron. We estimate that the alignment
of the images is possible within 1 pixel offset from each other,
therefore giving an upper limit to the resolution of twice the
pixel size. Four images were acquired of the same region of
the sample at orientations of 0, 45, 90, and 135° with respect to
the X-ray polarization. The film thickness was normalized by
dividing the polarization-dependent images by the image at
320 eV, which only shows thickness modulations (OD(285.6 eV)/
0OD(320 eV)).

To calculate the backbone orientation map, the thickness-
normalized OD maps were fitted at each sample position using
the cos? relationship on the angle of the incoming (in-plane)
polarization 0"

OD = MI[Pcos’(B + 0ip) + (1 — P)sin®(B+ ;)1 +C  (4)

The fitting parameter 3 directly represents the average orienta-
tion of the TDMs probed at this particular sample position (see
inset of Figure 1a). P = 0.89 is the Stohr polarization value of
the incident X-ray beam at PolLux, and M represents the in-plane
magnitude of the directed resonance intensity oriented at angle
S, whereas the constant resonance intensity, C, is observed at
all angles. The parameters M and C can furthermore be used
to derive the local degree of order and the out of plane tilt
angle, y.

Because the STXM operates at normal X-ray incidence, the
measurements only probe the in-plane components of the
TDMs at each pixel. Therefore, in order to calculate the three-
dimensional orientation of the molecules, we must first eluci-
date the out-of-plane vector components of the TDM. This is
possible because the total resonance intensity (TRI), which is the
absorption intensity of the TDMs at any given pixel integrated
over all incoming X-ray directions, must be constant for the
thickness-normalized OD maps of a given material. Once the TRI
for the NEXAFS resonance is known, the unobserved out-
of-plane intensity is simply the difference between the TRl and
the measured in-plane intensities. The previous 3D orientation
analysis of F8BT'® utilized two assumptions to evaluate the TRI
for the * resonance of that material. First, the constant in-plane
resonance intensity, C, was assumed to represent three-dimen-
sionally amorphous material and therefore indicates an equal,
unobserved out-of-plane resonance intensity corresponding to
the same amorphous fraction of the material. This leaves the
out-of-plane resonance intensity component corresponding
to the aligned fraction of molecules as the only unobserved
quantity and thus the observed summed resonance intensity (7)
is given by

T = M+3C (5)

The second assumption made was that the sample film had
enough variation in conformations present that the unobserved
resonance intensity corresponding to aligned molecules must
be zero in at least one pixel and therefore the TRI must be equal
to the largest observed value of T.

Following the above assumptions with the current PBTTT
data sets yields a TRI of 3.5 for the terraced and isotropic
nanoribbon samples and a TRl of 2.8 for the aligned nanoribbon.
However, the TRI can also be calculated from surface NEXAFS
measurements at the magic angle of X-ray incidence. At the
magic X-ray angle of incidence of 54.7°, eq 2 yields / = 1/3TRl for
any given tilt angle. Therefore, we can deduce the TRI from the
surface NEXAFS scans of the isotropic samples (see Supporting
Information) and find an average TRI value of 2.4 from these
measurements. The TRI values obtained by these two methods
are in stark disagreement and require reconsidering the appro-
priateness of the assumptions made in the previous F8BT
analysis for the PBTTT system considered here.

SCHUETTFORT ET AL.

First, the known layered structure of PBTTT*'® means that
the observed in-plane constant resonance intensity would very
likely correspond to variations in molecular orientation within a
resolved pixel and possible between self-ordered vertical layers
rather than to three-dimensionally amorphous material. Sec-
ond, PBTTT is a highly crystalline material with self-ordered
layers and a unit cell with a certain backbone tilt, and so the
assumption of zero out-of-plane intensity in at least one pixel is
far less likely to hold true. Further, the PBTTT STXM data do not
display the range of values that was observed in the F8BT
measurements, underscoring the unlikelihood of a particular
conformation existing within the measured sample area. How-
ever, if we define T by considering only an in-plane contribution
of the amorphous TDMs

T =M+2C (6)

with M and C as fitted in eq 4, then the maximum observed
value of T can be seen as a lower limit for the TRI. Also, since
PBTTT is known to preferentially orient strongly edge-on and
therefore with the z* resonance mostly in-plane (as seen in the
crystal cell structure'® as well as the TEY NEXAFS analysis
presented in Table 1), the out-of-plane resonance intensity is
expected to be small and the TRI is expected to be close to the
lower limit given by T.

From histograms of T (see Supporting Information), TRI
lower limits of 2.4, 2.4, and 2.2 are deduced for the terraced,
isotropic nanoribbon, and aligned nanoribbon samples, respec-
tively. These values agree closely with the TRI estimate derived
from the magic angle NEXAFS spectra, and therefore, a TRl of 2.4
was chosen for PBTTT and eq 6 used for the analysis of the STXM
data presented in this article. As discussed in the previous 3D
orientation analysis of F8BT,'® the features in the calculated
maps of molecular orientation and order are not strongly
dependent on the precise choice of TRI. However, the average
values are somewhat dependent on the TRI choice, and the
induced errors are presented in the Supporting Information.

With knowledge of TRI, the unobserved resonance intensity
of the ordered polymer can be estimated by subtracting the
observed summed resonance intensity from the TRI, resulting in
the total length of the ordered, directed TDM, D:

ID| = TRI—2C @

Knowledge of |D| at each point of the sample opens up the
possibility to fully characterize the ordered, directed TDM
vector, such as the degree of order by evaluating its contribu-
tion to the TRI:

D]
— =2 1009
order I * 00% (8)

as well as the local out of plane tilt angle y through comparison
of its vector components:

M
P
Yy = sin — 9)
D]

The maps of these material properties are discussed in the
paper above.

Organic Field-Effect Transistors. Interdigitated gold source and
drain electrodes were patterned onto 1737F alkali-free glass
(Prazisions Glas and Optik GmbH) followed by vacuum evapora-
tion of a 20 nm thick gold layer with an underlying 1 nm
chromium adhesion layer. The channel length L = 40 um and
width of W =26 mm provided long channel lengths to minimize
contact effects. PBTTT films were deposited via zone-casting as
described above both perpendicular and parallel to the current
direction. A 450 nm thick poly(methyl methacrylate) (PMMA)
film deposited via spin-coating served as the gate dielectric in
this top-gate, bottom contact architecture. A gold gate elec-
trode was subsequently deposited by evaporation through a
shadow mask. The current (/) —gate voltage (V) characteristics
of the finished devices at a source—drain voltage Vps = —60 V
were measured using an Agilent 4155B semiconductor param-
eter analyzer. The capacitance per unit area C; was measured
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with grounded electrodes, and the saturation mobilities x4 and
threshold voltages V; can be calculated from the gradual
channel approximation:*?

w
I = ﬂﬂci(vg -y (10)
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