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ABSTRACT: Domain alignment in conjugated polymer thin
films can significantly enhance charge carrier mobility.
However, the alignment mechanism during meniscus-guided
solution coating remains unclear. Furthermore, interfacial
alignment has been rarely studied despite its direct relevance
and critical importance to charge transport. In this study, we
uncover a significantly higher degree of alignment at the top
interface of solution coated thin films, using a donor−acceptor
conjugated polymer, poly(diketopyrrolopyrrole-co-thiophene-
co-thieno[3,2-b]thiophene-co-thiophene) (DPP2T-TT), as the
model system. At the molecular level, we observe in-plane π−π
stacking anisotropy of up to 4.8 near the top interface with the
polymer backbone aligned parallel to the coating direction. The bulk of the film is only weakly aligned with the backbone
oriented transverse to coating. At the mesoscale, we observe a well-defined fibril-like morphology at the top interface with the
fibril long axis pointing toward the coating direction. Significantly smaller fibrils with poor orientational order are found on the
bottom interface, weakly aligned orthogonal to the fibrils on the top interface. The high degree of alignment at the top interface
leads to a charge transport anisotropy of up to 5.4 compared to an anisotropy close to 1 on the bottom interface. We attribute the
formation of distinct interfacial morphology to the skin-layer formation associated with high Peclet number, which promotes
crystallization on the top interface while suppressing it in the bulk. We further infer that the interfacial fibril alignment is driven
by the extensional flow on the top interface arisen from increasing solvent evaporation rate closer to the meniscus front.
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■ INTRODUCTION

Conjugated polymers (CPs) have been intensively studied in
recent decades owing to their potential applications in a wide
range of technologies from flexible electronics, alternative energy
conversion devices, to biomedical imaging. A major advantage of
conjugated polymers is their compatibility with low-cost, high-
throughput manufacturing methods such as roll-to-roll printing.
The solution printing process has a direct impact on the thin film
morphology across multiple length scales. It is well-known that
thin film morphology characteristics can modulate charge
transport properties in conjugated polymers by orders of
magnitude.1 At molecular scale, the extent of order in the
crystalline/aggregated domains is described by paracrystallinity.
In thin films with isotropic domain orientations, paracrystallinity
has been shown to limit global charge transport.2 Besides the
importance of paracrystallinity to interchain charge transport,
backbone planarity was shown to be critical to intrachain charge
transport, which explains the excellent performance of several

nearly amorphous high molecular weight polymers recently
reported.3,4 At mesoscale, connectivity between crystalline/
aggregated domains is of critical importance; intergrain “tie-
chains” were proposed as charge-transport highways,5,6 while
abrupt grain boundaries that interrupt backbone conjugation are
detrimental to charge transport,7,8 the extent to which may
depend on the grain boundary orientation. It was also
demonstrated that domain alignment in polymer thin films can
enhance charge transport from a few times to over an order of
magnitude.9−14 However, there has not been a systematic study
reported to elucidate the origin of this phenomenon with regard
to charge transport mechanisms.
Driven by the large performance gain from domain alignment,

many methods have been developed to induce alignment in
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conjugated polymer thin films, including mechanical rubbing,15

grooved template directed solution deposition,16,17 and unidirec-
tional coating.11,13,14,18,19 Most unidirectional coating methods
reported employed a liquid crystalline conjugated polymer to
attain the high degree of alignment.11,13,18 On the other hand,
depending on the specific system and the coating/printing
conditions, the degree of alignment can vary from nearly
isotropic (dichroic ratio∼ 1)20 to highly aligned (dichroic ratio >
10).14 So far, the mechanism for attaining in-plane alignment
during unidirectional coating/printing remains unclear. Here, we
refer the in-plane alignment to the alignment of the polymer rod
long axis parallel to the substrate plane and the out-of-plane
alignment to the alignment of the polymer rod long axis with the
substrate normal. Although most studies attribute the observed
in-plane alignment to shear flow during coating, the shear rate is
in fact along the out-of-plane direction, and is minimal in-plane.
It is unclear to what extent and by what mechanism out-of-plane
shear can induce in-plane alignment. In addition, contributions
of other flow types are often ignored, such as extension and
compression which are prominent in evaporation driven capillary
flows that occur during solution coating/printing.
Although domain alignment has been extensively investigated,

fewer studies distinguished alignment at the interface from that in
the bulk of the thin film. On the other hand, interfacial
morphology at the semiconductor−dielectric interface is directly
relevant to charge transport in field-effect transistors. Morphol-
ogies at the interface distinct from that in the bulk have been

observed, including out-of-plane molecular orientation21−23 and
in-plane backbone alignment.14,24 Regarding in-plane alignment,
Schuettfort and McNeill et al. found a high degree of backbone
alignment at the surface of zone-casted poly[2,5-bis(3-
tetradecylthiophene-2-yl)thieno[3,2-b]thiophene] (PBTTT)
films, compared to little alignment in the bulk of as-cast
films.24 Schott and Sirringhaus et al. observed a lower degree of
alignment at the film surface compared to that in the bulk, in
diketopyrrolopyrrole-benzotriazole copolymer (DPP-BTz) thin
films coated using a soft blade.14 In addition, Patel and Kramer et
al. observed different degrees of alignment at the top and bottom
interfaces in blade-coated cyclopentadithiophen-thiadiazolopyr-
idine copolymer (PCDTPT) thin films, a phenomenon
dependent on the coating speed.25 However, the underlying
mechanism for a distinct interfacial morphology has yet to be
elucidated.
In this work, we observed significantly different morphology at

the free interface as compared to that in the bulk for solution
coated poly(diketopyrrolopyrrole-co-thiophene-co-thieno[3,2-
b]thiophene-co-thiophene) (DPP2T-TT) thin films. The air−
film free interface exhibits fibril-like morphology; the polymer
backbone extends parallel to the long axis of the fibrils, both of
which aligned along the coating direction under most conditions
tested. Interestingly, moving from the free interface to the bulk,
the polymer backbone and the fibril long axis both alter in in-
plane orientation to be either weakly aligned transverse to the
coating direction or nearly isotropic, depending on the thickness

Figure 1. Solution coating of DPP2T-TT thin films and resulting birefringence for films of various thicknesses under cross-polarized microscopy. (a)
Schematic of solution coating. (b) Molecular structure of DPP2T-TT. The film thicknesses are (c) 28 nm, (d) 33 nm, (e) 69 nm, and (f) 98 nm coated
from solutions with concentrations of 5, 7, 10, 14 mg/mL, respectively. The first and the second rows of images correspond to films with coating
direction oriented 0° and 45° with respect to the axis of the polarizer. The arrows at bottom left denote the coating direction, and the crossed arrows
indicate orientations of the crossed polarizers. Scale bars are 100 μm in all images.
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of the film. Higher degrees of alignment at the free interface give
rise to high charge transport anisotropy of up to∼6, with favored
charge transport direction along the polymer backbone. This is in
contrast to a low charge transport anisotropy of ∼1 obtained at
the buried interface, whose morphology resembles that of the
bulk. We further show that the preferred charge transport
direction is strongly correlated with the preferred in-plane
orientation of the polymer backbone. Finally, we propose a
mechanism based on skin-layer formation and extensional flow
induced in-plane alignment, in contrast to what has been widely
hypothesized that shear flow drives alignment during meniscus-
guided coating.

■ RESULTS

To characterize molecular alignment in solution coated thin
films, we prepared DPP2T-TT films using a meniscus guided
coating method wherein the ink solution was sandwiched
between amoving blade and a substrate (Figure 1a). Themethod
is detailed in previous publications,26,27 originated from
evaporative assembly known as the “coffee ring effect”.28 Briefly,
DPP2T-TT (Figure 1b) thin films were coated from chloroform
solutions at various concentrations (3 mg/mL to 25 mg/mL) on
octadecyltrichlorosilane (ODTS) treated 300 nm SiO2 on
Si(100) substrates. The ODTS surface treatment was applied
to minimize charge traps at the semiconductor−dielectric
interface. The coating speed was 0.5 mm/s, and the substrate
temperature was controlled at 25 °C. By changing the solution
concentration, the film thickness was varied from 20.8 ± 0.8 nm
(3 mg/mL) to 168 ± 7 nm (25 mg/mL) to systematically vary
the fraction of the interfacial layer out of the bulk (Figure S1).
The coating speed of 0.5 mm/s falls within the evaporation
regime of solution coating (Figure S2). We further show that
varying solution concentration did not alter the polymer
aggregation state (Figures S4, S5, Table S1).
We next employed a suite of techniques probing the interfacial

and bulk morphology across multiple length scales. We
performed cross-polarized optical microscopy (CPOM) for
visualizing global alignment and crystallinity, polarized UV−vis
spectroscopy for quantifying polymer backbone alignment in the
bulk of the film, grazing incidence wide-angle X-ray scattering
(GIWAXS) for probing bulk and interfacial alignment in
crystalline domains, and atomic force microscopy (AFM) for

characterizing mesoscale morphology at the free and buried
interfaces.

Characterization of Bulk Alignment. First, we applied
cross-polarized optical microscopy (CPOM) whereby the
observed birefringence offers a qualitative characterization of
the degree of in-plane alignment within the crystalline domains.
For films exhibiting global alignment, an extinction of light is
expected when the long axis of the polymer backbone in the
crystallites is aligned with one of the polarizers. We observed
light extinction in solution coated thin films when the coating
direction was at 0° and 90° with respect to the axis of the
polarizer (Figure 1c−f), indicating that the polymer backbone in
crystalline domains is aligned along or transverse to the coating
direction. This inference is consistent with the observation that
the brightest reflection occurred when the coating direction was
oriented 45° with respect to the polarizer. With increasing
concentration/film thickness, an increasing and then decreasing
trend in birefringence was observed (Figure S3). Although
birefringence is correlated with the degree of alignment in the
film, it is also proportional to the film thickness and the degree of
crystallinity. The initial increase in birefringence (Figure 1c,d)
may be attributed to enhanced polymer alignment and/or
increase in film thickness. However, the decrease of birefringence
at higher concentrations (Figure 1e,f) indicates a lower degree of
alignment and/or crystallinity in thicker films. To quantify the
degree of alignment in the bulk of the film, we further employed
polarized UV−vis spectroscopy.
Polarized UV−vis spectroscopy measurements were per-

formed on DPP2T-TT thin films coated on ODTS treated glass
slides with the light polarization direction oriented either parallel
or perpendicular to the coating direction. Because the transition
dipole is principally along the polymer backbone direction,29−31

the UV−vis absorbance is expected to be the highest when the
backbone is aligned with the polarization direction of the UV
light. The degree of alignment of the polymer backbone can be
characterized in terms of the dichroic ratio R = Aperp/Apara, with
Aperp and Apara denoting the absorbance when the coating
direction is perpendicular and parallel to the electric field pass
direction of the polarizer. We note that R only provides a lower
bound to the degree of backbone alignment, as the transition
dipole may have a nonzero component normal to the polymer
backbone.29,32 We calculated R values using the peak absorbance
at 820 nm (Figure 2a), as the shoulder at 760 nm may not be

Figure 2. Degree of alignment in the bulk of coated thin films characterized using polarized UV−vis spectroscopy. (a) Dichroic ratio R and in-plane
orientational order parameter S from polarized UV−vis spectroscopy as a function of film concentration/thickness. R and S were calculated from the
peak absorbance at approximately 820 nm. The error bars of the same color correspond to the standard deviation of R, and those with a different color
correspond to S. Error bars were obtained from 3 measurements of independent samples. (b) Polarized UV−vis absorption spectra in parallel and
perpendicular orientations for films coated from 5 mg/mL solution. For both images, parallel and perpendicular orientations are defined in terms of the
coating direction with respect to the axis of the polarizer.
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uniquely assigned to a single vibrational peak.32 We further
calculated the orientational order parameter S = (R− 1)/(R + 1)
to represent the degree of backbone alignment on a scale from
−1 to 1, with 0 denoting completely isotropic, 1 uniaxially
aligned perpendicular to the coating direction, and −1 uniaxially
aligned parallel to coating.33 Calculation of S from R as shown
above is based on the assumption that the UV−vis absorbance
scales with the magnitude of transition dipole moments
projected along the polarization direction of light, following
Apara ∝ ⟨cos2 ϕ⟩, wherein ϕ is the angle between the transition
dipole and the light polarization direction.34With R > 1 and S > 0
at most conditions, we infer that the polymer backbone was
preferentially oriented perpendicular to the coating direction in
the bulk of the thin film. However, the degree of alignment is at
best weak and at worst isotropic. Even the thinnest film (∼28
nm) coated from 5 mg/mL solution exhibited a dichroic ratio R
(820 nm) of only 1.12, corresponding to S = 0.06. We further
observed a decreasing trend of dichroic ratio with increasing
concentration/film thickness, which is consistent with decreasing
birefringence observed from CPOM (Figure 1), assuming that
the initial increase in birefringence was due to increase in film
thickness.

Characterization of Interfacial Morphology. We next
performed GIWAXS and AFM to probe surface (film−air
interface) morphology as compared to the bulk and the buried
interface (film−substrate interface). While UV−vis spectroscopy
probes both the crystalline and the amorphous domains,
GIWAXS signals come from the crystalline domains only. To
evaluate the anisotropy of the in-plane molecular packing,
GIWAXS measurements were taken with the incident beam
parallel and perpendicular to the coating direction. This method
yields an in-plane anisotropy between crystallites that satisfy the
Bragg condition only, specifically, crystallites with edge-on π-
stacks oriented parallel or perpendicular to the incidence beam.
Crystallites with other in-plane orientations are not accounted
for in this method, which is in contrast to the anisotropy obtained
from UV−vis, whereby transition dipoles of all orientations
contribute to the absorbance as discussed above. To differentiate
the top interface from the bulk, we set the X-ray incident angle
both above and below the critical angle of the organic layer, ≈
0.1°, to probe the molecular packing throughout the film and
near the film surface, respectively.35 Above the critical angle, X-
ray penetrates the entire film, whereas, below the critical angle, X-
ray probes the top surface layer with approximately 5 nm

Figure 3. Surface vs bulk morphology and alignment probed by GIWAXS. (a) GIWAXS patterns for the 14 mg/mL (98± 2 nm) DPP2T-TT thin film,
measured in parallel and perpendicular orientations with 0.2° incident angle for bulk measurement and 0.08° incident angle for surface measurement.
(b) Comparison of the in-plane orientation of the film surface and the bulk film. Path length corrected intensity of the (010) π−π stacking peaks
indicates the preferred in-plane orientation of the π−π stacks, obtained from a sector cut on the GIXD images with−88° < χ <−83° (cut area indicated
in (a)). Surface peaks were scaled by a factor of 5 for direct comparison with the bulk case. (c) In-plane alignment indicated from the π−π stacking
anisotropy P of the edge-on π−π stacking peak in the bulk and at the film surface. Error bars were obtained from peak intensity error resulting from
incident angle alignment as well as from error of peak fitting. The schematics show the alignment of the π-stack at the film surface vs the bulk.
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penetration depth, or two molecular layers.22 Surface measure-
ments were also performed on the laminated DPP2T-TT films to
study the molecular packing at the buried film−substrate
interface, but no meaningful data were obtained due to the
strong background scattering from the PDMS substrates used for
film lamination.

Representative 2D X-ray scattering patterns from both the
bulk and the surface measurements in parallel and perpendicular
orientations are shown in Figure 3a. Detailed analysis on the peak
area, π−π stacking distance, and peak width is summarized in
Figure S6. For the bulk film, the intensity of the edge-on portion
of the (010) π−π stacking peak (on the horizon) from the

Figure 4.Tapping mode AFM phase images of DPP2T-TT thin films coated from chloroform solution at (a) 5 mg/mL, (b) 10 mg/mL, (c) 14 mg/mL,
and (d) 25 mg/mL. The first row is the top interface (film−air interface) scan, and the second row is the bottom interface (film−substrate interface)
scan. The inset in each phase image is the corresponding FFT image. The coating direction is denoted with the arrow on the left of each row. (e) d-
spacing, (f) fwhm, and (g) intensity anisotropy of the horizontal and 5° offset vertical linecuts of the second-order ring from the top surface FFT. The
intensity anisotropy was calculated as the ratio of horizontal peak area over the vertical peak area. (h) Schematic of film morphology and molecular
stacking at the top surface vs the bulk. Green structures represent the mesoscale morphology obtained from AFM and yellow structures the molecular
packing obtained from GIWAXS. Note that we assume the morphology at the bottom surface is representative of the average morphology beneath the
top layer.
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perpendicular measurement is stronger than that in the parallel
measurement with comparable illuminated volume for films
coated from solutions of 18 mg/mL and below, indicating that
the in-plane π−π stacking direction is preferentially aligned
parallel to the coating direction (Figure 3b). In other words, the
polymer backbone in the bulk prefers to align perpendicularly
with respect to the coating direction, in agreement with the UV−
vis results. However, surface measurements reveal a more intense
in-plane (010) peak in the parallel direction instead, indicating
that the π−π stacking is perpendicular to coating and the
polymer backbone is along the coating direction at the film
surface. Therefore, GIWAXS reveals an unexpected morphology
outcome that the crystallites at the top surface oriented opposite
to those in the bulk of the film (Figure 3c). Apart from the in-
plane alignment, the out-of-plane alignment is also visible from
the scattering patterns in Figure 3a. The arc-shaped scattering
patterns for the (010) peak from the bulk film measurements
reveal that the crystallites are misaligned in the out-of-plane
orientation. However, the (010) peaks from the film surface
measurements only appear near the horizon on the scattering
patterns, denoting primarily edge-on crystallites at the film
surface. Therefore, we can conclude that DPP2T-TT crystallites
show a higher degree of alignment in both the in-plane and the
out-of-plane orientations at the film surface than that in the bulk
film.
To quantify the degree of in-plane alignment of the π-stacks,

the ratio of the integrated peak areas (IA) for the edge-on (010)
peak is calculated as P = IApara/IAperp. The edge-on portion of the
(010) peak was obtained by performing a sector cut between
−88° < χ < −83°, with χ = −90° representing the in-plane
direction. In the bulk film, P is approximately 0.36 at the lowest
concentration 5 mg/mL, and is approaching 1 with increasing
concentration (Figure 3c). This trend reveals that the polymer
backbone initially orients perpendicularly with the coating
direction and becomes more isotropic at higher concentra-
tions/film thicknesses. At the film surface, when the film is thin
(20−30 nm), the surface alignment is consistent with the bulk;
when the film becomes thicker (>70 nm), the backbone
orientation significantly deviates from the bulk. The highest
anisotropy P = 4.8 observed on the surface was obtained at the
highest solution concentration 25 mg/mL, corresponding to a
film thickness of 168 nm. This increasing trend in interfacial
alignment with the increase of concentration/film thickness is
distinct from that in the bulk. We note that similar interfacial
alignment to the bulk for thin films of 20−30 nm may be a result
of the difficulty in differentiating the interface from the bulk,
when the interface “seen” by X-ray constitutes 20−25% of the
thin film.
To complement GIWAXS measurements, we further probed

mesoscale interfacial morphology at the top air−film interface
and the bottom film−substrate interface using AFM. The
samples for bottom interface were prepared by laminating
solution coated thin films using PDMS stamps (see the
Experimental Section).36−38 The AFM phase images in Figure
4 reveal the evolution of the interfacial morphology at the top
and the bottom surfaces with respect to concentration/film
thickness. At the top air−film interface, we observed short fibril-
like structures with local orientational ordering, where the fibril
long axis preferentially aligns along the coating direction.
Combined with GIWAXS, we infer that the polymer backbone
is oriented parallel to the long axis of the fibrils, and that the
favorable growth kinetics along the polymer backbone
conjugation direction may have resulted in the anisotropic

fibril-like morphology. Our observation is consistent with
previous works on rigid donor−acceptor polymers, wherein
the polymer backbone was found to align with the fiber long axis
(e.g., PCDTPT,17 P(NDI2OD-T2)13). On the other hand,
backbone alignment orthogonal to the fiber long axis has also
been reported before, in particular for PBTTT18 and P3HT,39

presumably due to their lower backbone rigidity. We further
performed fast Fourier transform (FFT) to reveal the periodicity
and the in-plane orientational ordering of the surface structures
observed. Similar to transmission light scattering patterns, sharp
and well-defined rings in the FFT image arise from the structure
factor when periodic spacing emerges from the aggregated fibers
with a narrow size distribution. The intensity distribution along
the ring encodes information on the in-plane orientational order
of the fibers. For all the top surface AFM scans, we observed rings
with anisotropic intensity distributions, consistent with the well-
defined fibril structures observed on the top surface. The arc on
the FFT patterns exhibits higher intensity perpendicular to the
coating direction, arising from the periodic spacing along the
short axis of the fibrils, or equivalently, preferential orientation of
the fibril long axis along the coating direction (Figure 4h). To
quantify the differences observed, we performed linecuts (line
width covers 30 pixels to improve signal-to-noise ratio) along the
horizontal and the vertical directions (with 5° offset to avoid the
vertical streak artifact) on the FFT images (Figures S7, S8). We
further calculated d-spacing, full width at half-maximum (fwhm)
and peak intensity anisotropy by analyzing the second order arc
from the top surface FFT (Figure 4e−g). On the top surface, we
observed larger d-spacing at higher concentration, which reflects
increased distance between fibers and therefore increasing fiber
width/diameter (Figure 4e), consistent with AFM phase images.
The decreased fwhm indicates a narrower distribution and lower
dispersion in fiber spacings (Figure 4f). The intensity anisotropy
was calculated as the ratio of the peak area from the horizontal
orientation over that from the vertical orientation. As expected,
the overall intensity anisotropy increases with increasing
concentration, indicating better fiber alignment at higher
concentrations (Figure 4g), consistent with the inference from
GIWAXS surface scans (Figure 3). On the contrary, the
mesoscale morphology at the bottom film−substrate interface
is significantly different compared to the top interface at the same
concentration. The bottom interface does not have distinct fibril
features, indicating lack of distinct periodicity, which likely arises
from broad distribution of fibril size and shape. An ellipsoidal
pattern extends along the coating direction in each FFT image
obtained from the bottom interface scans. Judged from the
pattern anisotropy (Figure S8), we infer that the long axis of the
fibers weakly aligns perpendicularly to the coating direction at
the bottom interface, which is orthogonal to the fiber orientation
on the top interface. Because AFM can only probe the
morphology at exposed interfaces, information on the mesoscale
morphology in the bulk cannot be directly obtained by AFM.
Nonetheless, we deduce that the morphology at the bottom
interface shares similar features as that in the bulk in terms of in-
plane orientation ordering. It is because the polymer backbones
in the bulk and at the bottom interface are both weakly oriented
orthogonal to that on the top interface, inferred from GIWAXS
and AFM, respectively.
Putting the results from all morphology characterizations

together, we propose a multiscale morphology model illustrated
in Figure 4h, contrasting in-plane and out-of-plane alignment at
the top interface vs that in the bulk. On the top interface, polymer
fibrils and the backbone extend along the coating direction, with
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the polymer backbone oriented edge-on with respect to the
interface. In the bulk, the degree of alignment is significantly
lower compared to that on the top interface. The long axis of the
polymer fibrils and the backbone are weakly aligned transverse to
the coating direction, which is opposite to that on the top
interface. These distinct differences between bulk and interfacial
morphology have important implications on charge transport,
which we next evaluate by measuring charge carrier mobility in
field-effect transistor devices.
Evaluation of Charge Transport Anisotropy. In thin film

field-effect transistors (FETs), charge transport occurs within a
few nanometers at the semiconductor−dielectric interface,
recognized as the conducting channel.40 By constructing both
top and bottom gate FETs, we were able to quantify the charge
transport properties at the top air−film interface and the bottom
film−substrate interface of the solution coated thin films. We
used the bottom gate top contact (BGTC) configuration (Figure
5a) and the top gate bottom contact (TGBC) configuration

(Figure 5d) to measure charge transport at the substrate−film
interface and the air−film interface, respectively. The field-effect
mobility μsat was determined from the transfer curves measured
in the saturation regime. To determine the preferred charge
transport direction and the resulting charge transport anisotropy,
we fabricated devices with the channel length along both parallel
and perpendicular to the coating direction. The charge transport
anisotropy is defined as μpara

sat over μperp
sat . The characteristic transfer

and output curves comparing BGTC and TGBC devices are
shown in Figure 5, and the extracted apparent mobilities from all
conditions are summarized in Figure S9. For BGTC devices, we
observed a persisting “kink-down” feature in the nonideal
transfer characteristics (Figure 5b, Figure S10), which has been
attributed to gate voltage dependent contact resistance.41,42

Therefore, we extracted apparent saturation mobilities from both
low VG (−20 to −50 V) and high VG (−60 to −90 V) regions
(Figure S9) and used the high VG mobility to calculate charge
transport anisotropy. Although the apparent mobilities are not

Figure 5. Comparison of FET device performance between the (a−c) BGTC configuration and (d−f) TGBC configuration. Parts (b) and (e) are
representative transfer curves corresponding to films coated from 7 mg/mL solution for BGTC and 14 mg/mL for TGBC. Parts (c) and (f) are
representative output curves. Themeasurements were performed on films coated from 7mg/mL solution for BGTC (perpendicular) and 14mg/mL for
TGBC (parallel). The source−drain voltage VDS was −100 V for the BGTC devices and −60 V for the TGBC devices. (g) Hole mobility anisotropy
measured in parallel over the perpendicular direction with respect to the coating direction for both BCTG and TGBC device configurations. The
anisotropy is derived from the high VG mobilities.
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directly comparable between the BGTC and the TGBC devices
given different dielectrics and different gate bias used, the charge
transport anisotropy can be directly compared because it is only
influenced by the interfacial morphology anisotropy as designed
in our study.
The top interface exhibits significantly higher charge transport

anisotropy compared to the bottom interface, which is strongly
correlated with the degree of interfacial alignment observed
(Figure 5g). The mobility anisotropy at the top interface is close
to unity only for the thinnest film coated from 3mg/mL solution,
and is significantly higher than 1 at all other conditions when the
film thickness exceeds 24 nm (above 5 mg/mL). The highest
mobility anisotropy observed reaches 5.39 ± 0.05, which is
among the highest observed for DPP based polymers.14,19 In
comparison, the mobility anisotropy on the bottom interface is
close to unity for the entire concentration range studied. Mobility
anisotropy > 1 on the top interface corresponds to preferred
charge transport along the coating direction. Revisiting the
GIWAXS results (Figure 3c), the interfacial morphology
anisotropy and the charge transport anisotropy consistently
point to preferred charge transport along the polymer backbone
(Figure 5g).10,43 It can be seen that the trend of interfacial
backbone alignment (Figure 3c) does not exactly match with that
of the mobility anisotropy across the concentration range/film
thickness studied (Figure 5g). Specifically, the mobility
anisotropy is relatively insensitive to concentration change,
while the degree of backbone alignment increases significantly
with increasing concentration. Despite increasing backbone
alignment, the grain boundary may eventually limit the charge
transport given the small fibril sizes.
Similar to the top interface, the mobility anisotropy at the

bottom interface shows a strong correlation with the backbone
alignment in the bulk, which corroborates our hypothesis that the
bottom interface has similar morphology as the bulk. At the
bottom interface, charge transport is preferred perpendicular to
the coating direction for thinner films/lower concentrations, and
becomes almost isotropic for thicker films/higher concentrations
(Figure 5g). Considering a similar trend of backbone alignment
in the bulk (Figure 3c), we can conclude that the charge transport
again is preferred along the polymer backbone. The mobility
anisotropy approaches unity starting from 10 mg/mL, while
backbone orientation becomes isotropic from 18 mg/mL. We
attribute this mismatch to the onset of grain boundaries limiting
charge transport before the backbone alignment is completely
lost. In summary, we demonstrate that the charge transport
anisotropy is substantially higher at the top interface than the
bottom interface, and that the high degree of interfacial
alignment induces anisotropic charge transport preferably
along the DPP2T-TT polymer backbone.

■ DISCUSSION
The characterizations presented above indicate that the top
interface exhibits a higher degree of backbone alignment at the
molecular scale, larger fibrils with better in-plane orientational
ordering at the mesoscale, and the resulting greater charge
transport anisotropy compared to the bulk. We hypothesize that
there are two key factors responsible for forming aligned
nanofibers during evaporative assembly: (1) crystallization of
nanofibers at the fluid−air interface due to high Peclet number
and (2) alignment of nanofibers driven by the extensional
character of the capillary flow at the fluid−air interface.
We first infer that the distinct interfacial morphology from that

of the bulk is caused by the skin-layer formation. In other words,

the polymer crystallization starts from the top fluid−air free
interface, which inhibits the evaporation of the bulk solution and
delays the formation of polymer fibrils in the bulk. Compared to
the bulk, longer fibrils on the free fluid−air interface experience
stronger alignment effect in an extensional flow field to out-
complete rotational Brownian motion. This results in higher
degree of alignment on the top interface vs in the bulk. The
inference of skin-layer formation is based on estimation of the
dimensionless Peclet number. The Peclet number compares two
competitive time scales: the rate of solvent evaporation across the
liquid−air interface that establishes a vertical concentration
gradient, with the rate of solute mass transport in the meniscus
that diminishes the concentration gradient. We note that the
estimation yielded an average Peclet number in the meniscus and
did not account for its variation along the coating direction. We
obtained a high Peclet number Pe = 33 by estimating both time
scales (details in the Supporting Information). A high Peclet
number indicates that the rate of solvent evaporation is
significantly higher than that of solute mass transport to result
in a higher polymer concentration at the top interface. Therefore,
we infer that polymer crystallization ensues on the top interface
when a critical concentration is reached to induce nucleation. In
addition to skin-layer formation, extensional flow near the
liquid−air interface may also promote polymer nucleation.
To drive in-plane alignment of as-formed polymer fibrils at the

top surface, either an extensional flow or a shear flow should exist.
Previous works have attributed in-plane alignment to shear
flow.11,13,18,44 However, shear rate at the liquid−air interface is
zero mandated by the boundary condition of a free surface, and
therefore does not provide the driving force for alignment at the
top surface. We propose that the polymer interfacial alignment is
instead directed by extensional flow on the top surface, and that
the difference in orientation ordering at the top surface vs in the
rest of the film is caused by distinct flow characteristics on the top
(extension dominant) vs in the bulk (shear dominant) of the
fluid layer. The rationale is detailed below. According to previous
studies, strong extensional flow exists at the top surface due to
increasing solvent evaporation rate moving toward the contact
line.45,46 Going from the free surface toward the bottom
substrate, the flow type transitions from extension dominant to
shear dominant, bound by the nonslip boundary condition at the
bottom interface in contrast to the zero shear boundary
condition at the free surface (Figure 6a).47,48 This flow type
transition can result in distinct anisotropic particle alignment in
the two different zones. For instance, Trebbin and co-workers
observed, in a flow passing through an expanding channel,
different orientation of fibrillary micelles in a shear dominant
zone near the channel wall compared to an extension dominant
zone at the channel center.49 Simulation studies show that
extensional flow is capable of aligning anisotropic particles due to
differential drag along the particle.50,51 In the extensional flow
field, the front end of a polymer fibril experiences stronger drag
force than the back end. The net torque applied on the fibril is
negative, rotating the fibril clockwise to align its long axis along
the flow direction near the free surface (Figure 6b). In shear
flows, vorticity tensor plays a dominant role instead in aligning
the long axis of anisotropic particles along the vorticity
tensor.52,53 Because the vorticity tensor is parallel to the contact
line and perpendicular to the coating direction (more discussion
in the Supporting Information), short polymer fibrils are aligned
orthogonal to the coating direction in the bulk and near the
bottom substrate (Figure 6c). The extent of orientiation ordering
is much lower in this case, possibly due to the relatively weak
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effect of shear on particle rotation.54 The alignment mechanism
proposed agrees with our morphology models built based on the
GIWAXS and AFM measurements (Figure 4h). Summarizing
the above discussion, we can conclude that the reasons for the
better in-plane alignment near the top surface than in the bulk are
the crystallization of elongated fibers at the ink−air interface, and
the evaporation driven extensional flow in the top layer.
In the context of the proposed alignment mechanism during

meniscus-guided solution coating, the effect of polymer
concentration on alignment can also be discussed. At the top
interface, the degree of alignment of polymer fibrils increases
with increasing solution concentration (Figure 3). It is because
polymer fibrils crystallize earlier at higher starting concentrations
under the same evaporation rate (Figure S1), leaving more time
for fiber growth and reorientation under extensional flow. Thus,
the in-plane alignment increases monotonically with solution
concentration. On the other hand, the in-plane orientation of the
polymer fibrils becomes more isotropic in the bulk of the film
when the concentration increases. At higher starting concen-
tration, the liquid film trapped underneath the skin layer is
thicker given earlier onset of crystallization. Since the shear flow
is imposed by the nonslip boundary condition at the substrate,
the thicker liquid layer weakens the effect of shear-induced
alignment outcompeted by the Brownian motion to decrease the
degree of alignment in the bulk of the solidified film.

■ CONCLUSION
In summary, we fabricated DPP2T-TT thin films and OFET
devices using meniscus-guided coating and observed backbone
alignment and charge transport anisotropy at the air−film
interface distinct from that in the bulk of the film. Revealed by
GIWAXS, AFM, and polarized UV−vis, the polymer fibrils near
the top interface exhibit a significantly higher degree of alignment
than the bulk under most conditions studied. Specifically, well-
defined polymer fibrils were observed at the top interface, with
the long axis and the polymer backbone aligned along the coating
direction. In contrast, the bulk fibrils were significantly smaller,

either weakly aligned transverse to coating or close to isotropic.
Correspondingly, the charge transport at the air−film interface
showed markedly higher mobility anisotropy while the charge
transport at the film−substrate interface remains weakly
anisotropic or almost isotropic. Interestingly, the charge
transport prefers to occur along the polymer backbone direction,
even in the cases when the fibrils were only weakly aligned. We
hypothesize that the in-plane alignment of the DPP2T-TT fibers
is driven by the extensional flow at the ink−air interface near the
contact line. Nanofibers form near the interface where a
concentration gradient occurs due to the high evaporation rate,
and are aligned by the extensional flow. This alignment
mechanism can be a reference for molecular or deposition
process design to achieve high degree of alignment in conjugated
polymer thin films for both kinetic studies and charge transport
characterizations.

■ EXPERIMENTAL SECTION
Substrate Treatment. Octyldecyltrichlorosilane (Acros 95%) was

used to perform substrate treatment to reduce charge traps for device
fabrication. The ODTS was stored in the refrigerator at 4 °C and was
removed from the refrigerator before sample preparation. In the
glovebox, 100 μL of ODTS was transferred into a 1 mL syringe and 50
mL of anhydrous trichloroethylene was transferred to a 250mL bottle. A
4 in. Si wafer with a 300 nm thick SiO2 layer was plasma treated for 6min
and placed in a glass Petri dish. The ODTS was injected into the
trichloroethylene, and the mixture was poured into the Petri dish. The
Petri dish was covered and sealed with aluminum foil and parafilm. The
reaction was left at room temperature for 20 min. After reaction, the
wafer was removed from the solution and was rinsed with toluene. The
dry wafer was placed on a hot plate at 120 °C for 2 min to induce 2D
crystallization of ODTS before removal and storage.

Synthesis of DPP-TT. The conjugated polymer DPP2T-TT (Mn =
20 000 g/mol, Mw = 104 000 g/mol, PDI = 5.2) was synthesized
following a previous published procedure.55 3,6-Bis(5-bromothiophen-
2-yl)-2,5-bis(4-decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (300.0 mg, 265.2 mmol) and 2,5-bis(trimethylstannyl)thieno[3,2-
b]thiophene (123.5 mg, 265.2 mmol) were dissolved in 20 mL of
toluene in a 35 mL microwave reaction vessel. The solution was purged
with nitrogen for 15 min, before tris(o-tolyl)phosphine (3 mg) and
tris(dibenzylideneacetone)dipalladium(0) (6 mg) were added. The
vessel was sealed with a snap cap and quickly transferred to a CEM
DiscoverMicrowave Reactor. Reaction conditions were listed as follows:
Power cycling mode; Power, 300 W; Power cycles, 100; Temperature,
120−150 °C; Heating, 120 s; Cooling, 30 s; Pressure, 150 psi; Stirring,
high. After the reaction was complete, the polymer was collected by
precipitation into methanol. The product was dissolved in 50 mL of
chloroform, and palladium was removed with 30 mg of N,N-
diethylphenylazothioformamide at 50 °C for 30 min. The solution
was precipitated intomethanol, and the solid was dried under 60 °Cover
high vacuum.

Film Preparation. Polymer DPP2T-TT was dissolved in chloro-
form (Macron ACS grade) at 25 mg/mL and stirred overnight in a
nitrogen environment to ensure dissolution. DPP2T-TT thin films were
deposited onto substrates by a meniscus-guided coating method using
an ODTS-treated Si blade.26,27 The meniscus-guided coating setup
involves a stationary substrate and a moving blade, with ink solution
sandwiched in-between. The blade was tilted by 7°, with the blade edge
set 100 μm above the substrate surface for the film deposition process.
The speed of the blade was 0.5 mm/s for all samples, and the substrate
temperature was fixed at 25 °C. The solution was diluted to the
designated concentration during film deposition. For microscopy, AFM,
and GIWAXS, DPP2T-TT films were prepared on ODTS-treated SiO2-
Si substrates, and for UV−vis spectroscopy, films were prepared on
ODTS-treated glass slides.

UV−vis Spectroscopy. Solid-state transmission UV−vis spectros-
copy measurements were performed on the Agilent Cary 60 UV−vis
spectrometer. DPP2T-TT thin films coated on ODTS-treated glass

Figure 6. Illustration of alignment mechanism. (a) Schematic of the
transport processes near the meniscus contact line. (b) Three-
dimensional view of the in-plane alignment mechanism for an
anisotropic particle in the extensional flow field. (c) Three-dimensional
view of the in-plane alignment mechanism for an anisotropic particle in a
shear flow field. Purple and red arrows denote the velocity vectors in the
flow field, and green arrows denote the direction of rotation.
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substrates were mounted on the solid sample holder with a vertical
polarizer sheet. The scans were taken from 400 to 1000 nm.
Atomic Force Microscopy Measurements. AFM measurements

were performed on the Asylum Cypher AFM with Tap300Al-G tapping
mode AFM tips. The top air−film interface scans were performed on the
films as prepared on substrates. The film−substrate interface scans were
performed on laminated films on PDMS. The PDMS stamp for
lamination was prepared by mixing Momentive RIV615 silicone potting
compound and cross-linking agent RTV615 by the volume ratio of 10:1.
The mixture was sufficiently mixed and poured into a clean plastic Petri
dish until the liquid layer thickness is ∼5 mm. The Petri dish with
polymer was placed in a house vacuum oven at 50 °C for 2 h. Low curing
temperature was chosen to ensure stickiness of the PDMS surface to
facilitate film transfer. After curing, the PDMS stamp was cut and placed
onto a newly coated polymer film. The PDMS stamp was gently pressed
on the film and quickly lifted from one corner to transfer the film from
the substrate. AFM scans was performed on the exposed bottom
interface of film on PDMS. Linecuts with a 30 pixel line width along the
horizontal direction and with a 5° offset along the vertical direction were
performed on the top surface FFT images. Raw data were smoothened
to reduce the noise from the pixelated FFT images. Peak deconvolution
was performed to separate the first-order peak in the center and the
second-order arc. The second-order peak was fitted with a Gaussian
function to obtain the peak position, peak area, and the full width half-
maximum (fwhm).
Small-Angle Neutron Scattering. Small-angle neutron scattering

(SANS) experiments were performed at the National Institute of
Standards and Technology Center for Neutron Research (NIST CNR)
in Gaithersburg, MD. SANS measurements were performed on the
NGB 30m beamline at three detector positions to obtain the scattering
intensity, I(q), over a wide q-range (0.004 < q (Å − 1) < 0.4).56 DPPTT
was dissolved in d-chloroform (D > 99.8%, Cambridge Isotopes) by
mixing for 6 h prior to loading in a 1 mm path length demountable cells
with quartz windows. The total scattering was normalized to the
incident beam flux, corrected for background scattering (e.g., empty cell
and solvent), and 2D profiles were then converted to 1D profiles using
standard methods.57 Smeared model fitting was performed using
DANSE SASView software.58

Grazing Incidence Wide-Angle X-ray Scattering. GIWAXS
measurements were performed at beamline 8-ID-E of Advanced Photon
Source at the Argonne National Laboratory.59 Data were collected with
an incident beam energy at 7.35 keV on a two-dimensional detector
(Pilatus 1M) at two different positions and the images combined to
eliminate most of the inactive pixels using the GIXSGUI package written
for Matlab.60 GIXSGUI was also also used to apply corrections for
detector nonuniformity, beam polarization, and detector sensitivity, and
to reshape the two-dimensional data into the representation qz vs qr

= +( )q qx y
2 2 . Experiments were carried out in a helium chamber. The

incident angle was set at 0.2° for bulk measurements and 0.08° for
surface measurements. For calculating the π−π stacking anisotropy, P,
we extracted the intensity of the edge-on portion of the π−π stacking
peak from both parallel and perpendicular scans, by performing a sector
cut of −88° < χ < −83° from the raw data image. Peak deconvolution
was performed to separate the π−π stacking peak from the amorphous
peak, the background scattering, and the peak from crystalline ODTS.
The π−π stacking peak was fitted with a Gaussian function to obtain the
peak position, peak area, and the full width half-maximum (fwhm).
Device Fabrication and Characterizations. The bottom gate top

contact configuration was used to measure charge transport at the
bottom interface. For BGTC device fabrication, DPP2T-TT/chloro-
form solution was coated on ODTS treated 300 nm SiO2-Si substrates,
and gold source−drain electrodes were evaporated on top of the
DPP2T-TT thin film. For TGBC device fabrication, DPP2T-TT/
chloroform solution was coated on substrates with evaporated gold
source−drain electrodes. On the DPP2T-TT film, we next spin-coated a
layer of CYTOP, a trademarked fluorinated polymer dielectric with low
trap density, and another gold layer was evaporated on top as the gate
electrode. Specifically, the source and drain electrodes were 35 nm thick
Au deposited by thermal evaporation. The channel length and width

were 70 and 4500 μm, respectively. The top gate bottom contact
configuration was used to measure charge transport at the top interface.
The source and drain electrodes had the same dimensions as in the
BGTC configuration deposited by the same method. A 447 ± 3 nm
CYTOP layer was spin-coated at 2000 rpm for 1 min on top of the
electrodes and polymer thin film serving as a dielectric. Immediately
after spin-coating, the CYTOP film was annealed at 100 °C for 30 min
on a hot plate. A 35 nm gold layer was thermally evaporated on the
CYTOP layer as a gate. A Keysight B1500A analyzer was used for all
FET device measurements in a glovebox under a nitrogen environment.
The BGTC devices were measured as deposited, and the TGBC devices
were measured after annealing for CYTOP cross-linking. Gate bias
between 0 and −100 V with a drain voltage of −100 V was applied for
BGTC device measurements and between 0 and −60 V with a drain
voltage of −60 V was applied for TGBC device measurements to avoid
device burning. The apparent mobility in the saturation regime was

calculated using the equation μ = ( )sat
L

WC

d I

dV
2

2

i

SD

G
. The capacitance for

the 300 nm SiO2 layer and the CYTOP layer is estimated with = εεC
d
0

0
,

where ε is the relative permittivity of the insulator (3.9 for SiO2 and 2.1
for CYTOP), ε0 is the air permittivity, and d0 is the thickness. The
capacitance of CYTOP was calculated to be 4.2 nF/cm2. With
consideration of the influence of the ODTS layer,61 the capacitance of
SiO2 used for calculation is 11 nF/cm2.
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