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ABSTRACT: This publication investigates the microstructure of
the high electron mobility polymer poly([N,N 0-bis(2-octyldodecyl)-11
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-12
biothiopene)) (P(NDI2OD-T2)) using a combination of grazing
incidence X-ray diffraction (GIXD), near-edge X-ray absorption fine
structure (NEXAFS), and optical spectroscopies. GIXD measure-
ments confirm extended in-plane lamellae ordering and out-of-plane
π-π stacking. Angle-resolved surface-sensitive NEXAFS measure-
ments, however, indicate a lack of preferred in-plane or out-of-plane
orientation of either the conjugated backbone or side chains at the
P(NDI2OD-T2) film surface. This lack of pronounced orientation effects is attributed to a significant proportion of amorphous
content in the film, with NEXAFS measurements sensitive to both amorphous and crystalline content while GIXD is sensitive only
to coherent ordering. Furthermore, it is found that increased crystallinity in annealed thin films is not beneficial to the performance
of top-gate bottom-contact field-effect transistors. In fact, both highly crystalline and amorphous P(NDI2OD-T2) devices exhibit
similar device performance with saturation mobilities around 0.04 and 0.02 cm2/(V s), respectively, almost 1 order of magnitude
lower than the high-performance devices where the pristine morphology has not been subjected to significant heat treatment.
Changes in the optical absorption and Raman spectra of P(NDI2OD-T2) thin films with annealing are also presented and discussed.

’ INTRODUCTION

Recent efforts to increase the performance of organic field-
effect transistors (OFETs) have brought the field closer to the
development of large-scale commercial applications.1 Because of
the ease of processing from solution, much focus has been placed
on conjugated polymers. While high-performance p-type poly-
meric OFETs have been developed more than a decade ago,2

generic n-type behavior in polymer OFETs has only more recently
been observed that has spurred the development of high-per-
formance electron-transporting as well as hole-transporting mat-
erials.3 Owing to their deep lowest unoccupied molecular orbital
(LUMO), naphthalene diimides have shown promising potential
for n-type transport4,5 with high electron mobilities observed in a
solution processable naphthalene diimide (NDI) over a decade ago.6

High electron mobilities (>0.1 cm2/(V s)) in a semiconducting
polymer have only been recently observedwith the semiconducting
copolymer poly([N,N 0-bis(2-octyldodecyl)-11 naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-12 biothiopene)),
P(NDI2OD-T2).7,8 However, the origin of the high mobility
of P(NDI2OD-T2) is not fully understood.While an early report
on thematerial suggested that the polymer was mainly amorphous
fromdifferential scanning calorimetry (DSC) andX-ray diffraction

measurements,8 a recent study on thin films of the same material
utilizing 2D grazing incidence X-ray diffraction (GIXD) found
evidence for lamellae packing on large length scales.9 This
lamellae packing with similar geometry had also been observed
in an earlier publication on a similar material with slightly shorter
side chains attached to the NDI core.10

In a paper that studied the dependence of the electron mo-
bility on the number of thiophene units in P(NDI2OD-T1) copoly-
mers, all derivatives with 1, 2, or 3 thiophene rings per monomer
exhibited lamellae ordering. However, it was suggested that there
may be a large amorphous residue in the film.11 Both crystallinity
and electronmobility were found to increase when increasing the
number of thiophene units from 1 to 3, although P(NDI2OD-
T2) (with 2 thiophene units) exhibited a slightly larger lamellae
d-spacing compared to P(NDI2OD-T1) and P(NDI2OD-T3).
Significant changes to the electronic structure were also observed
when attaching side chains to the thiophene units. While the
attachment of alkyl side chains attenuated π-conjugation and
increased the optical band gap,10 alkoxy side-chain substitution
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lead to a significant reduction of the optical band gap which was
further reduced through thermal annealing.12

In OFETs, charge transport is along the top (1 nm) layer of
the semiconductor at the interface to the dielectric.13 In order to
understand the impact of the polymer morphology on charge
transport, it is therefore essential to gain insight into the local
morphology at the semiconductor/dielectric interface. Since this
buried interface is only accessible by very specific experimental
techniques such as neutron14 or soft X-ray resonance scattering,15

this publication focuses on investigating the top surface of
P(NDI2OD-T2) films using surface-sensitive techniques. Near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy is
used as the main surface-sensitive technique that can be mea-
sured with different probing depths.15,16 NEXAFS spectroscopy
has been a highly useful tool in determining the orientation of
conjugated polymer backbones and side chains at the surface of
thin films by extracting the orientation of core-shell transition
dipole moments (TDMs). This has proved particularly useful for
OFETs, where the measured molecular tilt angle together with
X-ray scattering information has helped to provide a more accu-
rate picture of the polymer unit cell at the charge transporting
interface of the semiconductor and has been recently reviewed
along with other methods used in this work.17 The molecular
orientation calculated from NEXAFS spectra complements in-
formation obtained from GIXD studies that provide knowledge
about coherent ordering within the film. Similar to NEXAFS
spectroscopy, optical absorption spectroscopy can be utilized to
characterize the electronic structure of the semiconductor bulk
and provides limited information about the density of states
(DOS). It has been shown that charge transport depends strongly
on the alignment direction of the backbone in aligned semicon-
ducting polymers,18 and in semicrystalline polymers charge trans-
port also depends on the orientation of grain boundaries.19 This
work aims to understand to what degree the observed crystalline
structure influences the charge transport properties of P(NDI2OD-
T2). The NEXAFS measurements indicate that a significant
proportion of the film is amorphous, even though surface and
bulk lamellae ordering is observed in agreement with previously
published data.9,10 Furthermore, when comparing film morphol-
ogy with transistor performance, it is found that peak perfor-
mance does not coincide with the highest degree of crystallinity,
suggesting that other factors are influencing transistor perfor-
mance.

’EXPERIMENTAL METHODS

Sample Preparation. P(NDI2OD-T2) was purchased from the
Polyera Corp. (ActivInk N2200) and specified with a number-average
molecular weight (Mn) and polydispersity index (PDI) of 25.4 kDa and
4.03, respectively, as determined by the supplier with gel permeation
chromatography using chloroform as the solvent. Thin films were pre-
pared by spin-coating from a 20 g/L dichlorobenzene solution in a
nitrogen atmosphere. Quartz substrates were used for optical experi-
ments and electron conducting (antimony-doped) silicon wafers for
GIXD and NEXAFS measurements, the latter to avoid sample charging.
The substrates were first cleaned in a subsequent acetone and 2-propa-
nol sonic bath before oxygen plasma etch for 10 min. To analyze the
bottom interface, an as-spun film was floated off its silicon substrate in
deionized water and picked up with another silicon substrate with the
bottom interface exposed. The film thickness was measured with a
profilometer (Veeco Dektak 3) to be around 55 nm. Thermal treatment
was applied in a nitrogen glovebox for 20min at the quoted temperatures

before quickly cooling the samples to room temperature on a metal
plate. All sample characterization (optical, X-ray, and electrical) was
performed at room temperature.
Organic Field-Effect Transistors (OFET). A lift-off photolitho-

graphic process was used to pattern interdigitated gold source/drain
electrodes with a channel length of 21.5 μm and width of 10 mm. The
25 nm thick gold source/drain electrodes were deposited via vacuum
evaporation onto 1737F alkali-free glass (Pr€azisions Glas & Optik GmbH)
with an underlying 1 nm chromium layer deposited to assist adhesion.
After spin-coating and heat treatment of the P(NDI2OD-T2) layer, a
400-500 nm layer of the perfluorinated polymer CYTOP CTL-809 M
(Asahi Glass) was deposited by spin-coating. A gold gate electrode was
subsequently deposited by evaporation through a shadow mask. The
I-V characteristics of the finished devices were measured using an
Agilent 4155B semiconductor parameter analyzer with the source elec-
trode connected to ground. All sample preparation steps were per-
formed in a dry nitrogen atmosphere, and the sample was not exposed to
air at any point between deposition of P(NDI2OD-T2) and device
characterization. Saturation mobilities and threshold voltages were
extracted using the gradual channel approximation:13

I ¼ W
2L

μCiðVg - VtÞ2 ð1Þ

whereW is the channel width (10 mm), L the channel length (21.5 μm),
Ci the capacitance per unit area (41.3 μF m-2), Vg the gate voltage, and
Vt the threshold voltage measured at a source-drain voltage VDS = 60 V.
Optical Absorption and Raman Spectroscopy. The optical

absorption and Raman spectra were measured on an Agilent 8453 UV-
vis spectrophotometer and a Renishaw inVia Ramanmicroscope, respec-
tively, at room temperature. Raman spectra were acquired in a back-
scattering geometry using a 532 nm laser for excitation. This excitation
wavelength is between the two lowest energy absorbing resonances and
allowed for the highest signal-to-noise without beam-damaging the
sample.
Atomic Force Microscopy (AFM). AFM images were recorded

in tapping mode on a Digital Instrument Dimension 3100, using
MikroMasch NSC15, conically shaped silicon tips. Image analysis was
performed with Gwyddion.
Grazing Incidence X-ray diffraction (GIXD). GIXD patterns

were recorded using a multiaxis diffractometer at Beamline I16 of the
Diamond Light Source, Didcot, UK. X-rays of energy of 10 keV were
directed onto the sample, and the diffraction patterns recorded with a
Pilatus 2M CCD detector. The measured scattering angles were calibrated
to the scattering vector q = (4π/λ) sin 2θ, where λ is the X-ray
wavelength and θ is the scattering angle.20 Spectra were extracted from
the 2D images by averaging over a 10� angle along either qxy for photons
scattered within the plane of the substrate or qz for out-of-plane scat-
tering events. All diffraction patterns presented in this work were
recorded at an angle of incidence about half the critical angle of total
external reflection (∼0.09�) and therefore represent a measurement of
the surface of the film. While the precise unit cell of P(NDI2OD-T2)
and the X-ray penetration depth are not known, the penetration depth
for a range of materials is generally found between 1 and 10 nm.20

Near-Edge X-ray Absorption Fine Structure (NEXAFS).
NEXAFS spectra at the carbon edge were recorded on the Soft X-ray
Spectroscopy Beamline at the Australian Synchrotron, Victoria, Australia,21

where an undulator X-ray source provides nearly perfectly linearly polar-
ized X-rays (P≈ 1) at a specified spectral resolution of E/ΔEe 10 000.
The samples were placed in an ultrahigh-vacuum chamber to allow the
detection of photoelectrons. The total electron yield (TEY) signal of all
photoelectrons ejected from the sample was recorded via the drain
current through the sample. TEYNEXAFS is surface sensitive because of
the limited escape depth of the photoelectrons with measurements on
poly(3-hexylthiophene) (P3HT) films determining the probing depth
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to be around 2.5 nm.22 Higher surface sensitivities are obtained when
measuring the Auger electron yield (AEY) signal which have an electron
mean free path of less than 1 nm.16,22 AEY detection was performed
using a SPECS Phoibos 150 hemispherical analyzer set to a kinetic
energy of 230 eV. The recorded signal was normalized to the incident
photon flux using the “stable monitor method”, in which the sample
signal is compared consecutively to a clean reference sample and the
time variations in flux measured via a gold mesh.23 Normalization of the
peak heights to an arbitrary scale was done by subtracting a background
to scale the absorbance prior the onset of the first feature setting A
(280 eV) to 0 and dividing by a constant to scale A(320 eV) to 1. Both
the spectral normalization and the peak fitting for tilt angle extraction
were performed with the Whooshka software package kindly provided
by Dr. Benjamin Watts. The tilt angle of the transition dipole moment
(TDM) was measured by varying the angle of incidence, θ, of the X-ray
beam onto the sample. The resonance intensity of a TDM tilted by an
angle R off the substrate normal can then be determined through least-
squares fitting to the well-known relationship for a sample with rota-
tional symmetry:16

I � cos2 R cos2 θ þ 1
2
sin2 R sin2 θ ð2Þ

For carbon ring systems it has been shown that 1s (CdC)f π* TDMs
are oriented perpendicular to the ring plane.16 For P(NDI2OD-T2) the
1sf π* TDM is therefore perpendicular to the NDI and thiophene ring
planes, while the 1s (C-C) f σ* TDMs are oriented parallel to these
bonds, which are predominantly found in the 2-octyldodecyl side chains.16

It is important to realize that the trigonometric squared dependency of
eq 2 expresses the average of a distribution of tilt angles: A resulting tilt
angle of R = 54.7� (“magic angle”) could represent an amorphous film
with random orientation of the TDMs or a film with a tilt angle at exactly
54.7�. Only when extracting tilt angles close to 0� or 90� can a narrow
distribution of the molecular orientation be unambiguously inferred.
Beam damage was observed as a relative change of intensity of the π*
peaks whenmeasuring several spectra over a significant time frame in the
same point of the film. This was minimized by reducing the scan time
andhence reducing the overall X-ray photon exposure to aminimumand by
moving to a fresh sample area for every spectrum measured. A NEXAFS
transmission (bulk) spectrum was recorded at the Pollux Beamline of the
Swiss Light Source, Villigen, Switzerland, for comparison.
Density Functional Theory (DFT). DFT calculations were

performed using the GAMESS software package using the B3LYP
functional and 6-31G*(d) basis set.24 MacMolPlt was used for orbital
visualizations.25

’RESULTS AND DISCUSSION

Optical spectroscopy is a simple way to characterize the bulk
properties of an organic semiconductor. Figure 1 shows the opti-
cal absorption spectra of an as-spun P(NDI2OD-T2) thin film as
well as films annealed at 110 and 210 �C or melted at 325 �C for
20 min prior to the measurement. The absorption spectra are
normalized to the peak at 391 nm, which can be attributed to the
π-π* transition.7 The HOMO-LUMO excitation is found
in the red region of the spectrum with four dominant vibronic
peaks separated by ∼150 meV: For the as-spun sample the
lowest 0-0 peak is found at 784 nm, the 0-1 at 714 nm, 0-2
at 656 nm, and 0-3 at 606 nm as extracted by fitting Gaussian
oscillators. Because of the donor-acceptor character of the
respective bithiophene and NDI moieties, it is likely that this lowe-
st optically active excitation will have a pronounced charge transfer
character, similar to the well-known donor-acceptor copolymer
poly[2,7-(9,9-di-n-octylfluorene)-co-4,7-(2,1,3benzothiadiazole)]
(F8BT).26

It is interesting to note that DSC and dynamic mechanical
analysis (DMA) clearly show a glass transition with an onset at
about -70 �C and a melt transition at ∼280 �C in the heating
scan (see Supporting Information). Upon annealing of the as-
spun film at 110 �C, there is almost no change in the absorption
spectra, except for the slightest increase of the 0-0 vibronic
feature at 784 nm. However, after annealing the film even higher
above the glass transition temperature, the 210 �C annealed film
shows a strong shift of oscillator strength from the 0-0 to the
0-1 and 0-2 vibronic features, which is even stronger after
heating above the melt temperature at 325 �C. This blue shift has
also been reported for a NDI-T2 derivative with a slightly shorter
alkyl side chain10 but is opposite to the trend found for a deriv-
ative with dodecyloxy side chains attached to the thiophene units,
where thermal treatment introduces a red shift of the absorp-
tion.12 The reduction of the 0-0 transition can be understood as
a reduction of the convoluted density of states (DOS) of the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO), which indicates that either
the HOMO or the LUMO has a reduced DOS for morphologies
introduced via heat treatment, which is likely to influence the
charge transport performance.

Raman spectroscopy is another bulk-sensitive optical tech-
nique that measures the Raman-active vibrational modes.27 The
raw spectra show strong variations in the form of an exponen-
tially increasing background for higher wavenumbers. While this
background is not significant for the as-spun and 110 �C sample,
it becomes more prominent after annealing at 210 �C and
particularly after melting at 325 �C. This background is attributed
to residual photoluminescence of the film, which increases with
the blue shifting of the absorption spectrum observed for the 210
and 325 �C samples. To remove the background, a fifth degree
polynomial function was fitted to the data and subtracted. The
background corrected and normalized Raman spectra of the as-
spun, 110 and 210 �C annealed and 325 �C amorphous film are
shown in Figure 2. These spectra do not show any significant
shifts of peak positions and intensities, which primarily indicates
that heating at high temperatures does not lead to chemical decom-
position of P(NDI2OD-T2). While there are slight differences in

Figure 1. Optical absorption spectra of P(NDI2OD-T2) films pre-
viously annealed at different temperatures in the region of the lowest
energy transition normalized to the π-π* absorption at 391 nm. A blue
shift is apparent after annealing at 210 �C and melting at 325 �C. The
inset shows the full spectral range of the scan.
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the intensities of the peaks in the range 1400-1500 cm-1, it
cannot be ruled out that this is due to the nonlinear background
normalization. However, in general, the changes in the Raman
spectrum after heating are relatively minor, suggesting minimal
changes in polymer conformation.

Information about the surface topography of the films can be
obtained from AFM images, as shown in Figure 3. Annealing
below the melt transition shows no significant change in the
surface topography, which consists of fibrils of about 20-30 nm
width and up to few hundred nanometers length, consistent with
previous measurements.8,11 Local alignment of fibrils on length
scales of up to 200 nm can also be observed. The extent to which
these fibrils can be related to the semicrystalline structure is dis-
cussed below. It is emphasized that a fibrillar surface topography
has also been observed for other NDI-thiophene copolymers,
when varying the number of thiophenes11 or alkyloxy side chains
attached to the thiophene.12 In the former case the fibrillar
morphology was most pronounced for P(NDI2OD-T2), while
three thiophene units appeared to give the highest crystallinity in
X-ray diffraction, largest electronmobilities, and lowest threshold
voltage in FETs. After heating the sample at 325 �C, the fibrils
disappear and the surface becomes flat, as expected for a frozen
amorphous melt.

GIXD provides information about the coherent ordering of
the crystalline domains at the surface (top ∼5-10 nm) of
P(NDI2OD-T2) thin films. The 340 �C melt film clearly lacks
any significant pattern and can therefore be considered as entirely
amorphous. The as-spun and 210 �C films, where the heat treat-
ment has not exceeded the melt temperature, show a similar
diffraction pattern, all shown in Figure 4a. When annealing the

as-spun film above the glass transition temperature, the peaks in
the diffraction pattern become much more defined, which can be
seen more clearly by plotting the in-plane (qxy) (Figure 4c) and
out-of-plane (qz) (Figure 4d) components. The as-spun, 210 �C,
and 340 �C spectra are offset in parts c and d of Figure 4 for clarity.

The recorded 2D patterns and peak assignment of the GIXD
measurement for surface and bulk (not shown) are similar to
the ones published previously for the bulk.9 Since we do not observe
significant differences between the bulk and surface, the data for
the sample surface will be discussed in the following. The (010)
π-π stacking peak is found in the out-of-plane direction at a
length scale of 3.65 Å, which indicates flat-lying P(NDI2OD-T2)
backbones on the substrate. A spacing of 23.4 Å is found from the
lamellae (100) peaks in the in-plane direction, which is similar to
the bulk values of 24.5 Å found in XRD11 and 25.5 Å in GIXD.9

The in-plane scattering also shows the previously identified peaks
in the [001] direction, which are directed along the polymer
backbone at a length scale of 12.8 Å. The peak intensities at qxy =
0.96 Å-1 and qxy = 1.92 Å

-1 cannot be related to higher orders of
the (001) peak, which represents ordering along the backbone
direction. This was previously interpreted as indication of a
second polymorph (0010) in the backbone direction at a length
scale of 6.6 Å.9 While our DFT calculations identify two poly-
morphs with different thiophene torsional angles (vide infra), there
are not enough higher order peaks to extract the precise unit cell
parameters for P(NDI2OD-T2), so that it cannot be ruled out
that this observation arises from the unit cell structure factor.

In order to gain information about themolecular structure, the
geometries of NDI2OD-T2 dimers were optimized using DFT,
where the side chains were omitted to ease computational demands.
Two possible configurations of the monomer were identified:
one with the thiophene pointing toward the center axis of the
NDI moiety (“in” configuration) and one pointing away from
this axis (“out” configuration), both shown in parts a and b of

Figure 2. Raman spectra after background removal of the as-spun,
110 �C, and 210 �C annealed and 325 �C amorphous film.

Figure 3. AFM images of the P(NDI2OD-T2) films after heating at
different temperatures, showing a similar fibril-like morphology for as-
spun, 110 �C, and 210 �C annealed films, while the amorphous 325 �C
film shows a flat topography.
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Figure 5, respectively. The total energy of the “out” configuration
is only∼2 meV smaller than for the “in” configuration, giving no
energetic preference for either from these calculations. The
dihedral angle between the T2 and NDI moiety and the length
of one repeat unit along the backbone (001) direction are also
similar for both configurations. The former angle measures
46.05� and 47.17�, while the latter distance is 14.42 and 14.28 Å
for “in” and “out” configuration, respectively. The calculated
values for the (001) repetition are in both cases similar to the
value calculated previously9 but larger than the experimentally
found value of 12.8 Å. A distinct difference between the two

configurations is the tilt angle of the NDI moiety with respect to
the [001] direction, which is changed by ∼10�. The resulting
packing geometry of the molecules derived from the limited
information available is drawn in Figure 4b.

The size of the crystalline domains can be estimated with the
Scherrer equation to be DL = 0.9 3 2π 3 (Δq)

-1, whereΔq is the full
width at half-maximum (fwhm) of the peak.20 When annealing the
as-spun film at 210 �C, the crystalline domain size of the (100)
lamellae ordering increases from 10.4 to 27.3 nm, while the extent of
the (001) domains of the ordered polymer backbone only grows
from 10.4 to 15.9 nm. These in-plane domain sizes are similar to the
values observed in the previous publication, where a much larger
(300 kDa) molecular weight was used.9 This is in agreement with
previous observations where no dependency of the electron mobi-
lity onmolecular weight was found.8 Furthermore, the domain sizes
are similar to the width of the fibrils observed in the AFM images.
While no change in the size distribution with annealing is obvious
from the AFM images, this could be due to the limited lateral
resolution of the instrument (conically shaped tip with 10 nm
radius). Furthermore, AFM phase images (see Supporting In-
formation) which may show a phase contrast due to different
mechanical properties of crystalline and amorphous P(NDI2OD-
T2) do show weak phase contrast that follows the topography
contours of the sample. Since for the melt sample there is no
evidence for the formation of crystallites and at the same time no
fibrils were observed in the AFMdata (discussed above), onemight
speculate that the formation of fibrils is related to the crystallinity of
the samples. However, fibrils could also be formed due to the slow
drying of the high boiling point solvent (dichlorobenzene). The
large polydispersity of the material yields a distribution of chain
lengths around 36 nm(Mn) to 180 nm(Mw). This indicates that the
polymer chain length ismuch larger than themeasured domain sizes
and would allow for efficient interconnection of the semicrystalline

Figure 4. (a) 2D detector images of the GIXD pattern of P(NDI2OD-T2) thin films previously heated at different temperatures. While semicrystalline
diffraction patterns are observed for annealed films below the melt temperature, these patterns vanish for the amorphous melt. A drawing of the lamellae
with two stacked backbones (blue, red), where only a single monomer has side chains (green) for clarity is sketched in (b). Furthermore, the scattering
intensity of the in-plane (qxy) and out-of-plane (qz) component of the scattering vector q are shown in (c) and (d), respectively. The in-plane scans reveal
peaks arising from the periodic lamellae, while the out-of-plane shows the (010) π-π stacking peak.

Figure 5. DFT-optimized geometries of the P(NDI2OD-T2) “in” and
“out” dimer configurations are shown in (a) and (b), respectively, with
the vectors of the 1s f π* TDM (left molecule of “in” only).
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domains by polymer chains. The domain size of theπ-π stacking is
3.1 nm for the 210 �C annealed sample, which is almost exactly the
same value found previously for larger Mw and indicates coherent
stacking of about 8.5 molecules.9 The equal presence of the two
configurations “in” and “out” calculated with DFT is unlikely when
considering the large length scales of coherent order, but the
parameters extracted from GIXD do not allow to distinguish
between the two.

In order to measure the molecular orientation/degree of order
at the surface of P(NDI2OD-T2) films angle-dependent carbon-
edge NEXAFS spectroscopy was performed. The spectra shown
in Figure 6 a) show several features in the region associated with
1sf π* transitions at around 285 eV. In order to identify these
components, it is helpful to compare the P(NDI2OD-T2) spec-
trum to a spectrum of thiophene. Early NEXAFS work on
thiophene showed that there are no significant alterations in
the thiophene spectra when changing from the gas to the solid or
monolayer phase,29 but only showed shifts of the carbon 1s
ionization potential. This is frequently utilized in the building
block approach, where a NEXAFS spectrum of a novel com-
pound is assembled from the spectra of its components.16 When
comparing the NEXAFS spectrum of P(NDI2OD-T2) to a gas-
phase spectrum of thiophene from theGas Phase Core Excitation
Database,28 it seems that the peak at 285.4 eV is dominated by a
core-shell transition on the thiophene moiety, while the lower
energy peaks are related to transitions on the NDI moiety. While
this is in agreement with the deep LUMO of NDI derivatives,4,5

the applicability of the building block approach is limited due to
the presence of π-conjugation in P(NDI2OD-T2). However,
because of the donor-acceptor character of the bithiophene and
NDI moieties, it is likely that the different LUMO levels have
different local charge densities and therefore different core-shell
oscillator strengths. This is also indicated from the HOMO and
LUMO orbitals calculated using DFT (see Supporting Infor-
mation), which has recently been employed to match the cal-
culated DOS projected onto the N and O atoms of a NDI
derivative to the measured NEXAFS spectra.30 While for the
HOMO the charge distribution is predominantly found on the
bithiophene, the LUMO exhibits a more localized charge density
on the NDI moiety with the degree of localization decreasing for
higher order LUMOs (see Supporting Information). This suggests

that the lowest 1sf π* TDM is associated predominantly with
the NDI unit, while oscillator strength for higher order 1sf π*
transitions is shifted to the bithiophene.

At an X-ray angle of incidence of 55� the spectra are
independent of molecular orientation and allow for qualitative
comparison of the π* absorption intensity. The normalized TEY
spectra in the region of theπ* transitions are plotted in Figure 6b.
After heat treatment only a small change of oscillator strength
with temperature is observed, with the melt (325 �C) showing
the lowest and the as-spun bottom surface the highest π* oscillator
strength. The as-spun top-surface and 110, 150, and 210 �C
samples all have similar values. For the 110 �C sample a small dip
in the pre-edge region is observed only at 55� incidence, which is
likely to originate from a disturbance during this particular mea-
surement. Because of the limited energy resolution of NEXAFS
spectroscopy compared to optical spectroscopy, changes in the
intensity of different vibronic features with annealing cannot be
resolved in the NEXAFS spectra. However, NEXAFS spectra
may provide a measure of the unoccupied DOS if the ionization
potential is similar for all carbon atoms.16 Because of the none-
quivalent carbons in themolecule (C-N,C-O,C-C, andC-S
bonds), the NEXAFS spectra presented here have to be con-
sidered a convoluted DOS from different core levels.

Measuring spectra at different angles of incidence allows for
the tilt angle R of the TDMs of P(NDI2OD-T2) to be extracted.
The oscillator strength for the different core-shell transitions
are extracted by fitting Gaussian functions and a step function for
transitions into the continuum to the NEXAFS spectra as shown
in Figure 6a. By fitting the experimental absorption intensity to
eq 2, it is possible to extract the average tilt angle R of the TDMs.
These are drawn for the backbone (π* transitions) and side
chains (σ* transition at 293 eV) for a P(NDI2OD-T2) monomer
in Figure 7b. Figure 7a shows the theoretical dependence of the
absorption intensity on the X-ray angle of incidence for TDMs
tilted by R = 0�, 90�, or 54.7� of the surface normal as described
by eq 2. It is obvious that for a tilt of 54.7� no dependence on the
X-ray angle of incidence is observed and could therefore also
represent an entirely amorphous sample.16 A total of four peaks
were fitted to the π* region, and the extracted angles for the π*
and σ* transitions are plotted in Figure 7c for AEY and Figure 7d
for TEY measurements.

Figure 6. (a) TEYNEXAFS spectra of an as-spun P(NDI2OD-T2) film recorded at different X-ray angles of incidence and including the fitted Gaussian
and step-edge functions (green) for 55� incidence. The gas-phase thiophene spectrum is shown from ref 28. The TEY measurement of the 1s f π*
transition for different annealing temperatures at 55� X-ray incidence is shown in (b).
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For the side chains a tilt angleR≈ 56.8( 1� is extracted for all
samples in both TEY and AEY. As discussed above, this angle is
close to 54.7�, which could represent all TDMs in the film tilted
56.8� or a near-random distribution. In an earlier publication it
was suggested that the side chains may act as a barrier between
the semiconducting backbone and the dielectric, as the electron
mobility was observed to be independent of the polarity of the
polymer dielectrics used.8 However, this would require the
backbone to be packed edge-on near the surface in order to
have the side chains extend away from the film, which is in contrast
to the GIXD patterns which show flat lying backbones. It can
therefore be concluded that the side chains are amorphous with
the slightest tendency to lie in-plane (R > 54.7�), in agreement
with the lamellae structure deduced from GIXD.

A more complicated picture is found for the polymer back-
bone. The four π* peaks extracted from the peak fitting are found
around 283.9, 284.7, 285.4, and 285.8 eV and are analyzed indi-
vidually. There is only small deviance between their values for R
and while there is no clear pattern for the difference between R1

and R2; on average R3 = a þ R2 and R3 = bþ R4 with a = 2.3�
(1.9�) and b = 2.6� (4.4�) for TEY (AEY) measurements. As
discussed above, because of the charge-transfer character of the
LUMO, different 1s f π* transitions are expected to originate
geometrically on different moieties of the molecule. The gas-
phase DFT geometry optimizations of the P(NDI2OD-T2) dimers
shown in Figure 5a,b indicate a significant dihedral angle between
the T2 and NDI moieties of 46.05� and 47.17� “in” and “out”
configuration, respectively. Therefore, measuring the orientation
of the TDM for transitions into the different LUMO levels
should result in different tilt angles with a difference of 46.05� for
the respective transitions. However, all transitions exhibit similar
tilt anglesR. This could indicate that the orientation of molecules
at the surface is essentially random or that the transitions cannot
actually be assigned to local absorption events on the different
moieties, either because all the LUMO orbitals have significant
oscillator strength on any moiety or because the difference in C
1s core-level energies mixes the different peaks in a way that they
cannot be assigned to individual transitions on different moieties.

A clear trend for all π* TDMs to larger tilt angles is observed
after heat treatment at higher temperatures. For instance, R1

increases from 49.8� (54.8�) to 57.7� (60.3�) for TEY (AEY)
measurements when melting the as-spun sample at 325 �C.
These angles would indicate a slightly more edge-on preference
for the P(NDI2OD-T2) backbone. However, analogous to the
discussion for the side chains above, the GIXD data give clear
evidence for π-π stacking in the direction of the surface normal,
which would be represented by a geometrical tilt ofR = 0�. From
the 2D GIXD images we can plot the dependence of the π-π
stacking peak intensity on the angle between qxy and qz (see Sup-
porting Information) and find that the tilt of the π-π stacked
platelets is <30�, much smaller than the values found from the
NEXAFS spectroscopy above (>45�). Even in the case where the
NEXAFS measurement reflects the orientation of the effective
monomer transition dipole moment (i.e., the weighted average
tilt angle from the NDI and bithiophene units) and given a dihedral
angle of ∼47�, the tilt angles extracted from NEXAFS (50� < R <
60�) are still too large to be reconciled with the GIXD data.

Furthermore, the extracted R are lowest for the as-spun sam-
ple, which would represent the most “flat” conformation, but
increases after melting the sample at 325 �C to its maximum
(most edge-on). Therefore, the calculated R do not seem to
depend on the crystallinity of the sample, which was largest for
the 210 �C sample and not detectable for the melt sample. This
discrepancy between the molecular geometry extracted from
NEXAFS and GIXD could be explained when considering that
GIXD only probes ordered crystallites. If a significant proportion
of molecules in the film are actually ordered edge-on (R = 90�),
but these molecules are not present in larger crystallites with
coherent order, the NEXAFS would represent an average
orientation of the two (R≈ 55�). In the GIXD spectra of aligned
P(NDI2OD-T2) thin films there is some evidence for in-plane
(edge-on) π-π stacking9 and the out-of-plane scattering data
shown in Figure 4d exhibits a large background for small qz values
which might be due to out-of-plane lamellae ordering with very
small domain sizes (resulting in very broad peaks). However, the
tilt angles deducted from NEXAFS are close to 54.7�, which

Figure 7. (a) Calculated absorption intensity as a function of the X-ray
angle of incidence for tilt angles of the TDMwith respect to the substrate
normal (0�, 90�, 54.7�) and the fit to the experimentally determined
values for R1 in the as-spun sample. (b) Drawing of a P(NDI2OD-T2)
monomer with the directions of theπ* (red) and σ* (green) TDMs. The
fitted values forR from theπ1*,π2*,π3*,π4* and the side chains (σ*) are
shown in (c) for AEY and for TEY in (d).
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would require equal amounts of edge-on and flat lying P(NDI2OD-
T2) molecules in all the samples under investigation here. It is
therefore far more likely that a broad distribution of tilt angles
exists of which the extracted angle is representing merely the
average. Similar to the conclusions drawn for the side chains, this
data therefore indicates that the significant proportion of the
polymer backbones at the surface are amorphous. Since it is not
possible to determine the absolute crystallinity of the thin films,
this result cannot be quantified. DSC measurements can be uti-
lized, but since no reference values of measurable physical pro-
perties are available for purely crystalline or amorphous samples,
this is not possible in this case.31 For P3HT a comprehensive
description of the optical absorption and photoluminescence
spectra in terms of an H-aggregate model allowed to extract the
concentration of aggregates for films spun from different solvents
to be around 40-50%.32 This is again not applicable here due to
the lack of thorough understanding of the optical transitions.

On average, angles extracted from the AEY measurements are
3.9� larger than the TEY measurement. This is likely to originate
from the different probing depths of the two methods. While the
TEYprobing depth has been determined for P3HT to be around2.5
nm and is expected to be similar in other conjugated poly-
mers,22 it is expected to be less than 1 nm at 300 eV for AEY
measurements.16 Since the larger angles extracted for the very top
surface inAEY go toward slightly larger angles than 54.7�, this would
indicate that the very top surface is going toward a slightly more
edge-on morphology compared to the sample fraction measured in
TEY, but still with a broad distribution of tilt angles.

To understandwhether the amorphous content is only present at
the top surface of the film (and given the deeper probing depth in
GIXD), it is instructive to compare the transmission (bulk)
NEXAFS spectrum to the TEY and AEY surface spectra at the
same angle of incidence (90�). These are plotted for an as-spun
film in Figure 8 and show the difference between AEY and TEY,
which was already discussed. The TEY and transmission spec-
trum are, however, essentially identical. This indicates that the
information extracted from within the TEY probing depth is also
representing the morphology of the bulk. If this was not the case
and the bulk were to be more ordered than the layer sampled in
TEY, a significant decrease in the π* peak intensities would be
expected as the flat lying molecules observed in GIXD would
have a reduced oscillator strength at normal incidence. It can

therefore be concluded that ordered domains are embedded into
an amorphous phase in the bulk.

A significant structural difference is found when exposing
the bottom interface of the as-spun film. The molecular
orientation is now changed to R1 = 40.6� in TEY (R1 =
46.5� AEY), which would represent a slightly more flat
orientation that is more consistent with the GIXD results.
This observation suggests that a more ordered interface is
preset at the substrate/film interface. Bottom-gate top-contact
transistors of P(NDI2OD-T2) on octadecyltrichlorosilane
(OTS)-treated Si/SiO2 exhibited about 1 order of magnitude
lower mobilities compared to the polymer dielectric top gate
devices.7 This might indicate that the more orderedmorphology
at the P(NDI2OD-T2)/SiO2 interface is not necessarily beneficial
for charge transport, although the (OTS) treated and bare SiO2

might introduce different morphologies. Furthermore, other
effects such as charge trapping at this dielectric may reduce the
device performance, which would again indicate that there is no
efficient shielding of the side chains between the P(NDI2OD-
T2) and the dielectric.

After annealing P(NDI2OD-T2) for application in different
OFET devices, distinct differences in transistor performance with
annealing temperature are observed. For fabrication of OFET de-
vices, the as-spun morphology was dried in a N2 atmosphere at
50 �C for 30 min to remove residual solvent. When considering
the minimal differences in the absorption spectra of the as-spun
and 110 �C annealed film, the heat treatment at 50 �C is also not
expected to introduce changes to the morphology at the given
annealing temperatures. As expected, both the devices dried at
50 �C and annealed at 110 �C exhibit good transfer character-
istics and mobilities comparable to the values previously pub-
lished, where annealing was below 110 �C.8 The 50 �C device
showed slightly larger hysteresis, which is likely due to residual
solvent in the film. After annealing the devices at 210 �C or
melting at 330 �C, the source-drain current drops and the transfer
characteristics become less ideal, as seen in Figure 9a for typical
devices. This is reflected in the extracted average saturation
mobilities, which are plotted in Figure 9b. After annealing above
110 �C the mobilities drop by 60%-80%, while Vth increases
from 12 V for the 110 �C to 31 and 33 V for 210 and 330 �C,
respectively.

This behavior is very uncommon for OFETs, where high
mobilities in semicrystalline materials are generally found for
materials with in-plane π-π stacking and high crystallinity,33

whereas for P(NDI2OD-T2) the mobility drops with increased
crystallinity after annealing at 210 �C. Furthermore, the mobil-
ities and threshold voltages are similar for the melt (330 �C) and
the sample with the largest crystalline domains (210 �C) as
determined from GIXD. It is possible that the apparent decrease
in mobility after annealing at 210 �C or melting at 330 �C is
actually due to an increase in contact resistance. The contact
resistance has been determined to be less than 22 kΩ cm for
110 �C annealed devices with the same channel length.34 Recent
evidence has been presented showing that the charge injection
barrier strongly depends on the molecular orientation of a semi-
conducting polymer with respect to the electrode.35,36 Amodula-
tion of the contact resistance due to a change of P(NDI2OD-T2)
morphology for increased crystalline grain size might therefore
introduce the observed reduction of mobility in the case of the
210 �C sample. Furthermore, both the 210 and 325 �C sam-
ple show a significant blue shift in the absorption spectra. In the
context of the mobility-edge model, which has been employed to

Figure 8. Comparison of the AEY and TEYNEXAFS spectra at normal
(90�) incidence with the bulk (transmission) spectra.
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describe the mobility of high-performance organic semiconductors,
a reduction of the LUMODOS would indicate an increase of the
mobility edge energy in the DOS above which charges are
mobile.37,38 The blue-shifted absorption may therefore also
indicate that the crystalline morphology, which is largest in the
210 �C sample, does not yield a DOS favorable for efficient
charge transport. While it is not possible to distinguish the effects
of contact resistance, bulk and interfacial transport at this point, it
is clear that the device performance can neither be maximized by
increasing the crystallinity nor by removing the semicrystalline
ordering from the polymer altogether. Future measurements on
the contact resistance, bulk mobility and activation energy in
the devices may shed more light on the detailed processes
involved.

’CONCLUSIONS

In summary, this paper investigates the bulk and surface
morphology of the high electron mobility polymer P-
(NDI2OD-T2) using a combination of GIXD, NEXAFS, and
optical spectroscopies. No evidence for a preferred in-plane or
out-of-plane orientation of either the conjugated backbone or
side chains at top surface of P(NDI2OD-T2) films is seen with
NEXAFS spectroscopy. On the basis of the evidence at hand, we
attribute these observations to a significant amorphous fraction of
theP(NDI2OD-T2) thinfilms.When employing thesefilms in top-
gate bottom-contact OFETs, it is found that only the samples
annealed at temperatures e110 �C yield the maximum perfor-
mance. Even though significantly larger semicrystalline domains
are observed when annealing at 210 �C, the saturation mobility
extracted from the transfer characteristics is reduced by ∼60%. A
similar behavior is observed after heating the polymer into an
amorphous melt, where no semicrystalline domains can be
detected in GIXD, and the saturation mobilities are reduced
even further compared to the devices with pristine morphology.
While the apparent reduction in the mobility of P(NDI2OD-T2)
transistors after heating could be explained due to changes of the
contact resistance rather than a decrease in the intrinsic mobility
of the polymer, this work highlights that the high performance
observed in standard P(NDI2OD-T2) devices cannot be attrib-
uted solely to the lamellae ordering within the P(NDI2OD-T2)
film.
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