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ABSTRACT: It is well-known that substrate surface proper-
ties have a profound impact on the morphology of thin films
solution coated atop and the resulting solid-state properties.
However, design rules for guiding the substrate selection have
not yet been established. Such design rules are particularly
important for solution-coated semiconducting polymers, as the
substrate-directed thin film morphology can impact charge
transport properties by orders of magnitude. We hypothesize
that substrate surface energies dictate the thin film morphology
by modulating the free energy barrier to heterogeneous
nucleation. To test this hypothesis, we systematically vary the
substrate surface energy via surface functionalization techni-
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ques. We perform in-depth morphology and device characterizations to establish the relationship between substrate surface
energy, thin film morphology and charge transport properties, employing donor—acceptor (D—A) conjugated polymers. We find
that decreasing the substrate surface energy progressively increases thin film crystallinity, degree of molecular ordering, and
extent of domain alignment. Notably, the enhanced morphology on the lowest surface energy substrate leads to a 10-fold increase
in the charge carrier mobility. We further develop a free energy model relating the substrate surface energy to the penalty of
heterogeneous nucleation from solution in the thin film geometry. The model correctly predicts the experimental trend, thereby
validating our hypothesis. This work is a significant step toward establishing design rules and understanding the critical role of
substrates in determining morphology of solution-coated thin films.

1. INTRODUCTION

The morphology of organic semiconductor (OSC) thin films,
from molecular conformation and crystal packing, degree of
(para)crystallinity and percolation, to domain size and
orientation ordering, is critical to their electronic performance,
in particular charge carrier mobilities.' ~"* Many strategies for
modulating the OSC thin film morphology have been
developed, summarized in several recent reviews covering
both small molecule and polymer semiconductors."*™>* In
particular, substrate surface properties such as hydrophobicity,
polarity, and nanoscale topology have been under intense
investigations toward understanding their relationship with thin
film morphology and charge transport properties.”* ™"

Early on, many studies have observed pronounced
modulation of out-of-plane molecular orientation of OSCs by
surface treatment of the dielectric layer.””**™* For instance,
Toney and co-workers found that octadecyltrichlorosilane
(OTS) treated SiO, substrate yielded a preferred out-of-plane
orientation of poly(3-hexylthiophene) (P3HT) crystallites
compared to misoriented crystallites on hexamethyldisilazane
(HMDS) treated substrates.”” Cho and co-workers separately
discovered that P3HT adopted “edge-on” orientation on amine
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SAMs, in contrast to “face-on” orientation on alkyl SAMs. They
further rationalized that the repulsive interaction between
amine lone pair electrons and the thienyl moieties in P3HT
backbone led to “edge-on” stacking, while the 7—H interactions
between P3HT and alkyl SAMs resulted in “face-on”
stacking,>*” Tokito et al. established a quantitative relationship
between the substrate surface energies and the hole mobility of
poly(2,5-bis(3-hexadecylthiophene-2-yl)thieno[3,2-b]-
thiophene) (PB16TTT).”® They observed the highest mobility
reaching 1 cm*/(V s) on a fluoroalkyl SAM with a low surface
energy of 13.3 mN/m. However, the substrate surface could
alter mobility through both thin film morphology and
interfacial trap density. The exact mechanism was not
elucidated in this work. In addition to surface chemistry, Hu,
Zhen and coauthors recently demonstrated the synergistic
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effect of surface nanogrooves and high polarity of poly(amic
acid) dielectric on promoting “edge-on” orientation of
pentacene.”” They reported that such substrate enabled high
device performance (~30 cm?/(V s)) on par with single crystal
devices. Apart from molecule orientation, substrates also have a
significant impact on the OSC crystal growth kinetics. Loo et al.
measured differential crystallization rates of triethylsilylethynyl
anthradithiophene (TES-ADT) on substrates of various surface
energies during solvent vapor annealing.”’ They found the
existence of an optimum crystal growth rate at an intermediate
substrate surface energy, which was then utilized to guide
crystallization along arbitrary patterns.

Despite impressive progress on our understanding of
substrate-directed thin film crystallization over the past decade,
to date, no quantitative design rules exist that can predict the
thin film morphology dictated by substrate surface properties.
In addition, most studies involving solution processing did not
account for the role of solvent in mediating the substrate—OSC
interactions. On the other hand, solutes cannot crystallize on a
substrate without simultaneously ejecting preadsorbed solvent
molecules. In other words, all pairwise interactions between
substrate, solute and solvent are expected to govern the
crystallization process from solution.”"*> Furthermore, how
substrate-induced crystallization directly correlates with charge
transport properties is not always clear, as such effects are
frequently compounded with the modulation of interfacial trap
density by substrate treatment.

In this work, we tackle these challenges by performing a
systematic investigation on surface-induced crystallization of a
donor—acceptor (D—A) semiconducting polymer during
meniscus-guided coating process, focusing on the role of
substrate surface energy. To establish the surface energy—thin
film morphology—charge transport property relationship, we
performed comprehensive morphology and device character-
izations combining cross-polarized optical microscopy (C-
POM), UV—vis spectroscopy (UV—vis), atomic force micros-
copy (AFM), grazing incidence X-ray diffraction (GIXD) and
organic field-effect transistor (OFET) device measurements.
We further developed a generic free energy model for
heterogeneous nucleation in thin films based on the hypothesis
that substrate surface energies dictate the thin film morphology
by modulating the free energy barrier to heterogeneous
nucleation. The model considered all pairwise interfacial free
energies between the substrate, the solute and the solvent,
which correctly predicted the observed trend in surface-energy-

dependent thin film morphology.

2. EXPERIMENTAL SECTION

Materials. The organic semiconductor (OSC), poly-
(diketopyrrolopyrrole-thiophene-thieno[3,2,b]thiophene-thiophene)
(DPP2T-TT) (M, = 16000 g mol™), and isoindigo-alt-bithiophene
based polymer (PII-2T) (M, = 117000 %molfl) used in this study
were synthesized as previous reported.'”**** Octadecyltrichlorosilane
(OTS), phenyltrichlorosilane (PTS), poly(4-vinylphenol) (PVP, M,, =
25000 g mol™"), cross-linker 4,4'-(hexafluoroisopropylidene)diphthalic
anhydride (HDA), and solvent propylene glycol monomethyl ether
acetate (PGMEA, ReagentPlus), toluene (Anhydrous), trichloro-
ethylene (ACS grade) and chloroform (Anhydrous) were purchased
from Sigma-Aldrich. Pentafluorophenylpropyltrichlorosilane (FPTS,
SIP6716.4) was purchased from Gelest. All materials were used as
received.

Substrate Treatment. Thermally grown SiO,, Corning glass, and
a heavily doped silicon wafer with native oxide were used as substrates
for polymer thin film fabrication. The substrates were rinsed with

toluene, acetone, and isopropanol, and dried with nitrogen gas. Before
functionalization with self-assembled monolayers (SAMs) or poly-
meric thin film coatings, the substrates were treated with oxygen
plasma at a power of 30 W for 10 min (plasma cleaner PDC-001,
Harrick Plasma, Ithaca, NY). For OTS SAMs, the plasma-treated
substrates were immersed in 0.2 v% solution in anhydrous trichloro-
ethylene at room temperature. For PTS, 3 v% solution in anhydrous
toluene was used and heated under 90 °C for 12—15 h. For FPTS, the
plasma-treated substrates were exposed to FPTS vapor in a vacuum
oven kept at 75 °C and 580 Torr for 1 h. For PVP:HDA thin film
coatings, the PVP/HDA solution (10:1 by weight, 20 mg/mL for
PVP) was prepared in solvent PGMEA. The solution was spin coated
on the oxygen plasma-treated substrate at 7000 rpm, and subsequently
cured at 100 °C in air for 1 h.

Solution Coating of OSC Thin Films. The meniscus-guided
coating method was reported in our previous publications.”'”* In
brief, a silicon wafer with OTS-functionalized 300 nm SiO, was used as
the coating blade. The blade was titled by 7°. The gap between the
substrate and the blade front was kept as 100 ym. The substrate
temperature was set at 25 °C. A DPP2T-TT/chloroform solution was
used to deposit OSC films on various substrates, at a printing speed of
0.5 mm/s. The concentration ranged from 3.5—4.5 mg/mL to fine-
tune the thickness of OSC layers to yield comparable film thickness
(~30 nm) across all substrates. For the spin-coating process, DPP2T-
TT solution (chloroform, 4.0—5.5 mg/mL) was dispensed on various
substrates when the spin-coater was operating at a speed of 5000
rpm,*® resulting in similar film thicknesses of ~30 nm.

Film Morphology Characterizations. As-fabricated DPP2T-TT
thin films were visualized using an optical microscope (Nikon Ci-
POL) under the cross-polarized light. Asylum Research Cypher
(Asylum Research) was used to characterize the surface morphology
and thickness of the semiconducting layer. Solid-state transmission
UV—vis spectroscopy measurements were carried out on the Agilent
Cary 60 UV-—vis spectrometer; the incident light was polarized
vertically using a broadband sheet polarizer. Grazing-incidence X-ray
diffraction (GIXD) was performed at the small-wide-angle X-ray
scattering beamline 8-ID-E at the Advanced Photon Source, with an X-
ray beam energy of 11 keV."” For GIXD measurements, Si substrate
with native oxide was used to solution coat DPP2T-TT thin films after
surface functionalization. During the measurement, the samples were
placed in a helium chamber, with a 228 mm sample-to-detector
distance. The incidence angle was 0.14° and the exposure time was 10
s. Each sample was scanned at various in-plane rotation angles (¢) by
rotating the substrate with respect to the incidence beam (Figure 4a)
by 0°, 30° 60°, and 90°. Herein, @ is defined as 0° when the film
coating direction is oriented parallel to the incident beam. Data
analysis was performed with the software GIXSGUI, which includes a
correction for the polarization of the synchrotron X-ray beam.*®*
Partial pole figures were constructed by extracting (010) z—7 stacking
peak intensities as a function of the polar angle ¥ (13—88° binned into
5° increments) to analyze domain orientation distribution, as well as
relative degree of crystallinity. To accurately calculate the peak
intensities, multipeak fitting was performed with Igor Pro on the
intensity versus g curve obtained from each 5° segment along the y
axis. The purpose was to deconvolute the 7— stacking peak from the
amorphous ring and the background scattering. The peak intensity and
area thus obtained were further normalized by the film thickness and
beam irradiated area on the films. The background diffractions of all
substrates were also carried out under the same condition.

Electrical Property Characterizations. For bottom gate
geometry, heavily doped Si wafer with a 300 nm SiO, layer was
used as bottom-gate electrode and dielectric layer, respectively. After
surface treatment at various conditions specified above, the DPP2T-
TT thin film was deposited via meniscus-guide coating at conditions
listed above. The Au source-drain electrodes were thermally
evaporated to reach a thickness of 30 nm. For the top-gate devices,
poly(methyl methacrylate) (PMMA, k = 3.6, Sigma-Aldrich) of M,, =
120 kg mol™" was spun on top of the DPP2T-TT film (with top Au
source-drain electrodes already deposited) as the dielectric layer, from
a solution in n-butylacetate (80 mg mL™", filtered with PTFE syringe
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Figure 1. Substrate surface chemistries and surface energies. (a) Schematic illustrating the substrate surface chemistry (top) and corresponding 71y
cos @ versus y;y graph (bottom). ysy and /3 values determined by the two-variable least-squares method from equation-of-state are shown in the inset.
(b) Summary of surface energy values for silicon substrates modified with OTS, FPTS, PTS, PVP:HDA, and oxygen plasma.

filter prior to use). After the dielectric deposition, the devices were
cured on a hot plate at 100 °C for 30 min. The dielectric layer
thickness was 480 + 10 nm for PMMA. Thereafter, a 40 nm Cu
electrode was thermally evaporated through a shadow mask to serve as
the top-gate electrode.

The OFET measurements were carried out in a nitrogen
environment using a Keysight BISO0A analyzer at room temperature.
The mobilities calculated in the saturation regime were determined
from Ing = (UWC,/2L)(Vgs — V)2, where Ipg is the source-drain
current, y is the carrier mobility, W and L represent the channel width
and length respectively, C,, is the dielectric capacitance per unit area,
Vs is the gate voltage and V7 is the threshold voltage. The capacitance
of PMMA and SiO, are 6.3 and 11 nF/cm?, respectively.

3. RESULTS AND DISCUSSION

Toward establishing design rules for surface-induced crystal-
lization of OSC thin films, we hypothesize that the substrate
surface influences crystallization by modulating the free energy
barrier to heterogeneous nucleation, which in turn depends on
pairwise intermolecular interactions between the substrate, the

OSC and the solvent.*” These interactions are embodied in
pairwise interfacial free energies, which can be sensitively
modulated by varying the substrate surface energy via chemical
functionalization. To test this hypothesis, we prepared
substrates of a wide range of surface energies by functionalizing
silicon wafers with a 300 nm silicon oxide layer using self-
assembled monolayers (SAMs), a cross-linked polymer thin
film and via oxygen plasma treatment. These functionalized
surfaces were chosen considering their direct relevance to
organic electronic devices serving as dielectrics layers. The
surface chemistries of these substrates are summarized in Figure
la, and the detailed preparation procedures are described in the
Experimental Section. We next quantified their surface energies
and determined the surface energy—OSC morphology—charge
transport relationship. Based on our hypothesis, we further
established a free energy model to unveil the design rule for
surface-induced crystallization in OSC thin films.
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Figure 2. Meniscus-guided coating of DPP2T-TT films on substrates of various surface energies. (a) Schematic of the meniscus-guided coating
process and the molecular structure of DPP2T-TT. (b—g) Top: Cross-polarized optical microscopy images of coated DPP2T-TT films on (b) OTS,
(c) FPTS, (d) PTS, (e) PVP:HDA, (f) bare, and (g) plasma-treated Si/SiO, substrate. Bottom figures are corresponding absorption spectra of
polarized UV—vis spectroscopy, where the “par” (black) and “perp” (red) represent the cases when the film coating direction is parallel or
perpendicular to the axis of the polarizer. The organic semiconductor layers were of comparable thickness (~30 nm). The orientation of the cross-
polarizers is shown on the top left in (b) as crossed arrows, and the white arrows on the bottom left indicate the coating direction. All scale bars are

100 pm.

3.1. Quantifying Substrate Surface Energies. Several
methods have been developed to quantify substrate surface
energies, including the commonly employed surface tension
component approaches proposed by Fowkes and extended by
Owens and Wendt in 1960s°>"" and the equation of state
approaches originally described by Antonow and Berthelot
around 1900, which was later modified by Li and Neumann
in 1990.>* In this work, we chose the equation of state approach
which is theoretically rooted in London theory of dispersion
and combining rules.”> The modified equation of state by Li
and Neumann was shown to be generally applicable,

irrespective of the specific intermolecular interactions in-
volved.*® Combining the equation of state with the Young’s
equation,”” the equilibrium contact angle (6) can be expressed
as a function of the substrate surface energy (ysy) and the
probing liquid surface energy (yry), in eq 1 below (see
Supplementary Note and Figure S1 for detailed derivations and

discussions):

cos@=—-1+2 ys_v(l - ﬁ(yLV - 7/SV)Z)
\ %y (1)
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wherein f is an empirical constant unique for each substrate,
introduced to correct for the deviations from the geometric
mean combining rule that underlies the equation of state
approach.”® Two unknowns, ygy and f3 for a specific substrate
can be regressed by measuring 6 on the substrate using a series
of probing liquids with known y;y. For contact angle
measurements, it was shown that € is best approximated by
the quasi-static advancing contact angle, which was measured in
this study.®*” The measurement of 6 is sensitive to surface
roughness and heterogeneities. In this work, all surfaces were
determined to be atomically smooth and chemically homoge-
neous based on AFM measurements (Figure S2). We selected
10 probing liquids spanning a wide range of molecular
structures, intermolecular forces and surface energies (Table
S1) to validate that the calculated surface energies are
independent of the specific intermolecular interactions as well
as to minimize the fitting error. We also made sure that the
substrate was practically inert to the probing liquid applied. By
plugging in each set of y;y and € in eq 1, a pair of ysy and S
were determined for every substrate from two-variable least-
squares analysis. For data fitting, at least 10 contact angles for
each pair of probing liquid and substrate were used to improve
the reliability of the regressed ysy and f and to reduce the
fitting error. Conventionally, y;y X cos 6 versus y;y curves were
plotted to reveal the dependence of 7 X cos 6 (and therefore
Ysv — ¥s.) on ypy following a universal functional form, which
formed the basis of the equation of state approach.°”®" Figure
1la shows the best-fitted y;y X cos @ versus y;y curves overlaid
with the experimental data for each substrate. It can be seen
that eq 1 fits the experimental data well, particularly for low
surface energy substrates. Note that for high surface energy
substrates, the choice of probing liquids becomes limited
(Table S2), since high surface energy probing liquids are
needed to avoid total wetting conditions when Young’s
equation is no longer valid. In particular, for plasma-treated
substrate, we had to add mercury (y;y = 470 mN/m) as a
probing liquid in addition to glycerol (y1y = 65.0 mN/m) and
water (ypy = 72.7 mN/m). As a result, higher standard errors
were obtained (esp. f§) in the cases of higher surface energy
substrates.

Using this approach, we determined that the substrate
surface energy is successfully modulated over a wide range from
20 to 67 mN/m (Figure 1b). A surface energy of 52.2 mN/m
was obtained for the bare silicon substrate without any
treatment. SAM modification decreased bare silicon substrate
surface energy to 20—37 mN/m, and spin coating a thin layer
of PVP:HDA decreased the surface energy to 41.7 mN/m.
However, oxygen plasma treatment increased the surface
energy to more than 67 mN/m. All calculated substrate surface
energies are comparable to, or fall within the range of
previously reported values.””*® Note that the surface energies
of bare and plasma-treated silicon substrate may vary from
study to study due to differences in fabrication/processing
conditions. Therefore, a platform is established to study how
systematically changing the substrate surface energy affect
conjugated polymer thin film morphology resulted from
meniscus-guide coating method (Figure 2a).

3.2. Surface-Induced Thin-Film Morphology. We next
investigated the effect of substrate surface energy on
morphology of conjugated polymer thin films solution coated
atop. A diketopyrrolopyrrole-based D—A conjugated polymer,
DPP2T-TT, was selected for this study (Figure 2a); the DPP-
based D—A polymers have been intensively investigated due to

their high performance and air stability.”*"*® We deposited
DPP2T-TT films from chloroform solution on various
substrates via meniscus-guide coating (Figure 2a; see
Experimental section). Note that the undulations were found
present in all films due to the stick-and-slip motion of the
meniscus commonly observed for solution coating in the
evaporation regime.”®” To enable direct comparison of
morphology and device performance across substrates, we
kept the coating speed and substrate temperature the same (0.5
mm/s, 25 °C) and slightly varied solution concentration
between 3.5—4.5 mg/mL to obtain the same film thickness
(~30 nm) across substrates. The receding contact angles of
chloroform on various substrates indicate that the surface
energy has minor effect on the ink wetting and drying behavior
(Figure S3), allowing us to directly correlate surface energy to
observed film morphology. Speed series studies using this
material was presented in our previous work. "’

We performed cross-polarized optical microscopy (C-POM)
to qualitatively compare the crystallinity and alignment in
coated polymer thin films (Figure 2). We observed clear
birefringence in the films coated on low surface energy
substrates (<40 mN/m), OTS, FPTS, and PTS (Figure 2b—
d). In contrast, the films coated on high surface energy
substrates (>40 mN/m) of PVP:HDA, bare, and plasma-treated
silicon wafers were barely birefringent (Figure 2e—g), indicating
that these films were of lower degree of crystallinity with
crystallite domain sizes too small to detect optically
(submicron). The relative degree of crystallinity was further
quantified using grazing incidence X-ray diffraction discussed
later. Furthermore, for birefringent films, we observed light
extinction and the highest birefringence when the coating
direction was 0° and 45° with respect to either axis of the
crossed polarizers, respectively. This indicates that the
conjugated backbone, or the optical transition dipole was
preferentially aligned along or transverse to the coating
direction (Figure 2b—d).

To determine and quantify the preferential orientation of the
backbone, we performed polarized UV—vis spectroscopy to
complement the C-POM study (Figure 2b—g). Maximum
(minimum) absorption is expected when the transition dipole
is aligned with (perpendicular to) the polarizer axis. Although
the transition dipole may have the largest component along the
long axis of the polymer backbone, the two may not be exactly
aligned depending on the backbone curvature.**® Therefore,
the UV—vis dichroic ratio only provides a lower bound to the
degree of backbone alignment. We observed maximum
absorbance when the coating direction was perpendicular to
the polarizer axis for films deposited on OTS, FPTS and PTS.
This implies that the polymer conjugated backbone is
preferentially oriented perpendicular to the coating direction.
For films coated on PVP:HDA, bare, and plasma-treated silicon
substrates, almost no preferred orientation was observed.
Furthermore, the backbone degree of alignment as a function
of substrate surface energy was quantified by the dichroic ratio
R = ILyerp/ Iy defined as the ratio of peak absorbance when the
coating direction is perpendicular versus parallel to the
polarizer axis (Figure S4). The R values were the highest for
films coated on the lowest surface energy substrate, OTS, and
exhibited a decreasing trend with increasing substrate surface
energy to reach ~1 (isotropic) when the surface energy
exceeded 40 mN/m. These observations were consistent with
the C-POM results, both pointing to a pronounced and
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Figure 3. Tapping-mode AFM phase images of DPP2T-TT films coated on (a) OTS, (b) FPTS, (c) PTS, (d) PVP:HDA, (e) bare, and (f) plasma-
treated substrate. The scale bars are 0.2 ym and the arrow denotes the coating direction. The inset figures are the corresponding FFT image.

systematic dependence of film morphology on substrate surface
energy.

C-POM and UV—vis measurements yield ensemble-averaged
information at the macroscale. We next performed AFM to
characterize the mesoscale morphology on the top surface of
the films (the interface relevant to charge transport discussed
later). AFM phase images showed pronounced fibril-like
morphology for low surface energy substrates (Figure 3a—c).
Correspondingly, fast Fourier transform (FFT) analysis™”’
revealed well-defined rings arising from the periodic fibril
spacing and narrow fibril size distributions. The uneven
distribution of the ring intensity indicated preferential
orientation of the fibril long axis perpendicular to the coating
direction, consistent with the orientation ordering of the
backbone (Figure 2b—d). As the substrate surface energy
increased, the ring patterns gradually became diffusive (Figure
3a—c) and eventually diminished when the surface energy
increased beyond 40 mN/m (Figure 3d—f), indicating a broad
distribution of feature size, morphology, and orientation.
Indeed, the fibril-like morphology become less distinctive in
the AFM phase images of films on higher surface energy
substrates, consistent with the inference from C-POM and
UV—vis data.

We next carried out GIXD measurements to characterize the
molecular stacking and quantify the relative degree of
crystallinity (rDoC) of films coated on various substrates.
Given that our solution-coated films are anisotropic in the
substrate plane (in-plane) based on UV—vis (Figure 2) and
AFM results (Figure 3), we performed GIXD at multiple in-
plane rotation angles (¢) by rotating the substrate with respect
to the incidence beam (Figure 4a) by 0°, 30°, 60°, and 90°.
Herein, ¢ is defined as 0° when the film coating direction is
oriented parallel to the incident beam. The background GIXD
patterns of blank substrates were shown in Figure S5, and those
for OSC thin films were summarized in Figure S6, with
representative ones shown in Figure 4b. We define angle y to

describe the out-of-plane orientation of the z-stacks, with y =
0° (90°) representing “face-on” (“edge-on”) orientation
(Figure 4a,b). Judged from the (010) z—x stacking peaks, all
films exhibited preferential “edge-on” orientation out-of-plane.
Integrating the (010) 7—x stacking peak intensity over y and ¢
yields the rDoC:"""*

/2 /2
rDoC / / sin(y)I(y, @) dy do
0 0 ()

We note that variations of eq 2 have been reported for cases
when resolution-limited peak is present and when the film is
isotropic in-plane (aka. “2D powders”).”*””'™"® To enable
comparison of rDoC across various substrates, the peak
intensity I(y, ¢) was normalized by the irradiated volume in
the thin film (Experimental Section).

In this work, we first present geometrically corrected,
normalized 7—7 stacking peak intensity, sin(y) I(y, @), as a
function of y at each ¢= 0° 30° 60° and 90° in order to
quantify in-plane anisotropy and alignment. We note that given
the geometric constraint of a planar 2D detector, y < 10° were
inaccessible from GIXD scans, and therefore the low y region
close to 0° was not considered in our analysis. Shown in Figure
4c¢, for the films deposited on low surface energy substrates
(OTS, FPTS, and PTS), the population of edge-on z-stacks
sharply increased from ¢ = 0° to ¢ = 90°, indicating that the
n—n stacking direction preferentially aligned along coating.
Equivalently, the polymer backbone favorably oriented
perpendicular to coating, consistent with the UV—vis results.
We further define a GIXD dichroic ratio R as the ratio of the
“edge-on” (83° < y < 88°) m—x stacking peak areas at ¢ = 90°
versus 0°. The dichroic ratio reached 5.2 for films on the OTS
substrate and decreased as the substrate surface energy
increased to become almost isotropic (R ~ 1) for films coated
on high surface energy substrates (Figure 4d), corroborating
the C-POM, UV—vis, and AFM results. Accompanying the
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the substrate plane. (b) GIXD images of thin films coated on OTS versus plasma-treated Si substrates, at ¢ = 0° and 90°. (c) Comparison of
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@ = 0° and ¢ = 90°. Dichroic ratio was calculated as R = A, /A, where A| and A represent the normalized edge-on 7—x stacking peak area with the
incident beam perpendicular (¢ = 90°) and parallel (¢ = 0°) to the coating direction, respectively. (f) Dependence of rDoC on substrate surface
energy. The rDoC was estimated according to eq 2.

decaying dichroic ratio is an increasing trend of full width at
half- maximum (FWHM) of the same z—7# stacking peaks
(Figure 4e). This indicates loss of crystalline order and/or
shrinking domain size of the & stacks, concurrent with loss of
in-plane orientational ordering with the increase of substrate
surface energy. It should be noted that the GIXD dichroic ratio
is significantly higher than that of the UV—vis, as GIXD

anisotropy as applied in this work specifically measures edge-on
crystallites, whereas UV—vis anisotropy accounts for crystallites
with all orientations as well as amorphous domains.
Furthermore, UV—vis anisotropy only provides a lower
bound as discussed above.

We next estimated rDoC by integrating sin(y) I(y, @) over y
and @. As we scanned limited number of ¢ angles, full
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Figure S. Charge transport property characterizations using top gate, top contact (TGTC) DPP2T-TT OFETs. (a) Schematic of the device
architecture for TGTC OFETs constructed, when the conductive channel is parallel (||) or perpendicular (L) to the coating direction. (b) Surface
energy dependent hole mobility extracted from saturation regime at V= —60 V. (c) Representative transfer and output curves for devices prepared
on various substrates. The conductive channel is perpendicular to the coating direction.

integration was crudely approximated by partial integration
over y and summation over ¢ instead. We deem this
approximation sufficient for capturing the trend of rDoC
across substrate surface energies. Shown in Figure 4f, films
coated on OTS yielded the highest rDoC, which slightly
decreased for films coated on FPTS and PTS before abruptly
dropping for films coated on PVP:HDA, bare, and plasma-
treated substrates. This result clearly shows the sensitive
dependence of crystallization and degree of crystallinity in
polymer thin films on substrate surface energy.

3.3. Thin-Film Transistor Characterizations. To estab-
lish the substrate—morphology—charge transport relationship,
we fabricated top-gate top-contact (TGTC) OFET devices, by
thermally evaporating 30 nm Au source/drain electrodes on
solution coated DPP2T-TT thin films, followed by spin coating
480 + 10 nm PMMA dielectric and evaporating 40 nm Cu gate
electrode (Figure Sa). Top gate device configuration was
chosen such that the dielectric layer is the same across all
conditions, eliminating the substrate’s impact on charge
transport (esp. interfacial trap density being dependent on
substrate surface chemistry). This allows us to directly correlate
changes in charge transport properties to variations in thin film
morphology. The apparent mobilities of TGTC OFETs
measured parallel and perpendicular to the coating direction
comparing films deposited on different substrates are
summarized in Figure Sb. Corresponding transfer, output
curves, gate voltage dependent mobilities in the saturation and
linear regimes are shown in Figure Sc, Figure S7 and Figure S8.
We observed nearly ideal transfer curves with very low

hysteresis. Among devices fabricated on various substrates,
OFETs on OTS exhibited the highest average apparent
mobility values of 0.22 and 0.29 cm’V~'s™" for parallel (y)
and perpendicular (u,) directions, respectively. The slightly
higher 4, over y was attributed to a moderate degree of in-
plane anisotropy of the polymer backbone and s-stacks
observed. We note that no particular effort was spent on
optimizing the device performance, and that our mobility values
cannot be directly compared with literature values as the side
chain structure and the device configuration are differ-
ent.*"%7*75 Ag the surface energy increased, mobilities
gradually decreased by an order of magnitude to 0.03 + 0.01
cm®V~'s™! for PVP:HDA substrates and maintained around this
value as the surface energy further increased. Interestingly, such
a dramatic change in charge carrier mobility was brought by
only mild decrease in rDoC (~20%) and loss of moderate in-
plane alignment (UV—vis dichroic ratio from 1.6 to ~1; GIXD
dichroic ratio from 5.2 to ~1). These results highlight the
sensitive modulation of charge carrier mobility by thin film
morphology and the critical role of the substrate surface energy
in determining charge transport properties through tuning thin
film morphology.

Additionally, we studied the bottom-gate top-contact
(BGTC) devices for comparison, which is the most commonly
employed device architecture reported in the literature. We
observed nonideal transfer curves in almost all cases, exhibiting
“kink” features and corresponding spikes in mobility—Vg
curves (Figure S9) not present in TGTC devices (Figure Sc
and Figure S7). This phenomenon may arise from charge
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trapping and release, concurrent electron and hole injection,
and/or field-dependent contact resistance.”®~”? We calculated
mobilities in both low and high gate voltage regions (Figure
S10) and observed similar trend as in the case of TGTC
devices, but more dramatic change in mobility values across
substrate surface energies. From OTS to plasma-treated
substrate, the mobility dropped by 3 orders of magnitude
(Table S3), which we attribute to a compounded effect of
deteriorated thin film morphology and increased interfacial trap
density.”””**" Increased interfacial trap density on high surface
energy substrates also manifested in significantly increased
threshold voltage (Table S3). This example reaffirms the critical
importance of interfacial properties to charge transport in
organic thin film transistor devices.

3.4. Free Energy Model for Heterogeneous Nuclea-
tion in Thin Film Geometry. All our morphological
characterizations indicated that decreasing the substrate surface
energy significantly enhances the polymer thin film degree of
crystallinity. We believe that enhanced in-plane alignment can
also be attributed to expedited crystallization shown in our
previous work.'’ Based on these observations, we hypothesize
that surface energies alter the thin film morphology by
modulating the free energy barrier to heterogeneous nucleation.
Compared to small molecules, heterogeneous nucleation of
polymers is much less understood, particularly for conjugated
polymers and crystallization from solution. Hoffman—Lauritzen
(HL) theory®' and its modified forms have provided a
framework for the crystal growth of chain-folded flexible
polymers. However, rigid donor—acceptor conjugated polymers

exhibit distinct crystallization behavior from flexible polymers,
such as the formation of 1D rod-like aggregates (vs 2D
lamellae), absence of chain folding in some cases, and even
small-molecule-like growth on nucleation templates.''?*>**
Given these essential differences from those described by
existing polymer crystallization theory, we choose to develop
the relationship between the substrate surface energy and the
heterogeneous nucleation barrier under a more general
framework based on the classical nucleation theory.”” We
developed the free energy model specifically considering the
thin film geometry, summarized below.

The total free energy change to nucleation (AGyudeation) i
generally expressed as

AG = —VAG, + AAG, 3)

Nucleation

wherein AGy is the excess free energy per volume between bulk
solid and solvated solute, which provides the driving force for
nucleation, and AG, is the excess free energy per surface area
between the surface and the bulk of the nucleus, which is the
penalty to forming a nucleus. In the case of heterogeneous
nucleation, AG, depends on the pairwise interfacial free
energies between nucleus, substrate, and solvent (Yyupstrate-solvent
ypolymer—solvent) ysubstrate—polymer)) and is therefore hlghl}’ sensitive
to substrate surface energy. On the other hand, AGy is
independent of the substrate. Therefore, we only consider the
penalty term, AG, from now on. For the thin film case, when a
2D nucleus forms on the substrate (with contact area A) from a
dilute solution, the changes in interfacial free energies of the
system (AAG,) are brought by the removal of the substrate-

DOI: 10.1021/acs.langmuir.7b02807
Langmuir XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02807/suppl_file/la7b02807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02807/suppl_file/la7b02807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02807/suppl_file/la7b02807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02807/suppl_file/la7b02807_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b02807

Langmuir

9
2
o
o
o
40 60

Surface energy (mN/m)

i

h) 3l Plasma |

Figure 7. Dependence of PII-2T thin film morphology on substrate surface energy. (a) Molecular structure and (b) Calculated excess free energy
change per surface area AG, as a function of substrate surface energy for PII-2T. The solvent is chloroform. (c-h) Cross-polarized optical
microscopy images of meniscus-guided coated PII-2T films on (c) OTS, (d) FPTS, (e) PTS, (f) PVP:HDA, (g) bare, and (h) plasma-treated Si/
SiO, substrate. Scale bar: 100 ym. The arrows indicate the coating direction.

solvent interface (—A¥qpsuatesovent) and the creation of two new
interfaces, solvent—polymer and polymer—substrate interfaces
(Aypolymer_solvem + Aysubstme_Polymer). Note that the contact areas
between all three pairs are equivalent for the thin film
geometry. Therefore,

AG, =

Ysubstrate—solvent
(4)
The three interfacial free energies in eq 4 can be calculated
from experimentally measured surface energies based on the
equation-of-state approach introduced earlier.’® Substituting
Equation S3 into eq 4 and combining terms yields

2
AGA = 2'l:}/polymelr R J/solven'cypolymer (1 - ﬂ(ysolvent - J/polymelr) )

2
ysubstrateypolymer(l - 'B (ysubstrate - J/polymer) )

7/polymer—solvent + }/substrate—polymer -

7/sc‘lvent)z)] (5)

}/substrate}/solvent(l - ﬁ (ysubstrate -

where y; is interfacial free energy between component i and air
(or surface energy). Note that Ypolymer (DPP2T-TT surface
energy) is estimated to be 22.6 + 2.3 mN/m (Figure S11),in a
similar fashion that substrates surface energies were obtained.
We approximate the surface energy of the dilute solution as that
of the solvent chloroform (Vgyen), Which is 26.7 mN/m.**
Figure 6 shows the dependence of AG, on the substrate surface
energy: the lower the substrate surface energy, the lower the
AG, and therefore the free energy barrier to nucleation. This
prediction is consistent with our morphological character-
izations that lower substrate surface energy enhanced the

degree of crystallinity in the polymer thin films. This effect
could be comprehended from the perspective of intermolecular
interactions as well. Due to the edge-on orientation of DPP2T-
TT across all substrates (Figure 4), higher interactions are
expected between DPP2T-TT alkyl chains and OTS alkyl
chains than with other substrate chemistries studied. This
favorable interaction between DPP2T-TT and OTS is
manifested as low interfacial free energies between the two
surfaces, driving down the nucleation penalty AG,. We note
that the model, however, is not able to predict the morphology
dependence on surface energy quantitatively, despite matching
of trends qualitatively. For instance, the abrupt morphology
change from PTS to PVP:HDA is not predicted by our model.
Other factors, such as surface-energy-dependent domain
growth rate, and the coupling of polymer crystallization with
solvent evaporation and fluid flow may also play important
roles in defining the final morphology."”

3.5. Validating Model Generality. To validate the
generality of our methodology, we show that our model is
not limited to the deposition technique nor the choice of the
conjugated polymer. This work primarily focused on meniscus-
guided coating considering that the technique is highly
controllable and tunable, enables the deposition of aligned
OSC thin films and mimics the physics of roll-to-roll printers
for large scale manufacturing. We further tested spin-coated
DPP2T-TT thin films on various substrates to verify that our
model prediction is independent of the deposition method
applied. Using an on-the-fly dispensing method,*® we spin-
coated DPP2T-TT thin films with controlled thickness of ~30
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nm (see Experimental section). As expected, the crystallinity of
the spin-coated films also followed the trend predicted by the
free energy model, inferred from C-POM images (Figure S12).

Furthermore, we tested another solution processable semi-
conducting polymer, PII-2T, featuring an isoindigo acceptor
copolymerized with a bithiophene donor (Figure 7a). PII-2T
surface energy was estimated to be 23.1 + 2.0 mN/m (Figure
S13). We calculated the excess free energy change per surface
area (AG,) as a function of substrate surface energy for PII-2T
nucleation from its chloroform solution, and obtained the same
trend as the case of DPP2T-TT given their similar surface
energy and the same solvent, substrates used (Figure 7b). The
model predicted that lower substrate surface energy would lead
to lower free energy barrier to 2D nucleation from solution.
Indeed, the experimental trend agreed with the trend predicted
from the calculated AG, values. Figures 7c—h compare the
morphology of PII-2T thin films prepared by meniscus-guided
coating on various substrates. The birefringence of the C-POM
images dramatically increased by decreasing substrate surface
energy. These results suggest that the principles we outlined for
surface-energy-directed polymer crystallization can potentially
be applied to other OSC systems and solution deposition
techniques.

B CONCLUSION

In conclusion, we observed systematic modulation of
morphology and charge transport properties of solution coated
DPP2T-TT D—A conjugated polymer thin films by varying the
substrate surface energy. The substrate surface energy was
widely tuned from 20.5 to 67.2 mN/m by surface
functionalization using self-assembled monolayers, polymers
and plasma treatment. We analyzed the thin film morphology
on various substrates using a combination of C-POM, UV—vis,
AFM, and GIXD. Morphological analysis revealed increasing
degree of crystallinity (by ~22%), improving molecular
ordering (FWHM decreased by 14%) and higher in-plane
alignment (from isotropic to GIXD dichroic ratio of 5.2) as the
surface energy decreased from 67.2 to 20.5 mN/m; the most
pronounced changes took place between 41.7 and 20.5 mN/m.
As a result of morphology improvement, we observed one
order-of-magnitude hole-mobility enhancement of DPP2T-TT
organic field-effect transistors from plasma-treated substrate
(67.2 mN/m) to OTS substrate (20.5 mN/m), measured in
top-gate devices. When surface-chemistry-dependent interfacial
trap density was further accounted for, the hole mobility
modulation reached 3 orders of magnitude by varying substrate
(dielectric) surface energy, measured in bottom-gate devices.
These results demonstrate that the modulation of substrate
surface energy is a powerful strategy for tuning polymer thin
film microstructure and charge transport properties of organic
semiconductor thin films.

To elucidate the mechanism, we further established a
classical-nucleation-theory-based free energy model specifically
for the case of thin film crystallization. The model was
developed based on the hypothesis that the surface energy
modulates thin film morphology by altering the free energy
barrier to heterogeneous nucleation. Our model predicted that
lower substrate surface energy led to reduced surface excess free
energy (nucleation penalty), thereby reducing the free energy
barrier to nucleation. This prediction is qualitatively in line with
the surface-energy-dependent thin film morphology observed.
Enabled by this model, we propose the following mechanistic
picture: low substrate surface energy better matches with the

low surface energy of crystallizing polymers with the inert alkyl
chain facing the substrate, thereby reduces polymer nucleation
barrier on the substrate, expedites nucleation and leaves longer
time for growth and reorientation in the coating flow within the
fixed time frame of solution coating. Resultantly, films coated
on lower energy substrate have higher degree of crystallinity
and better alignment. On the other hand, we note that change
of polymer systems and solvents may completely alter the
surface energy—morphology relationship. We believe that
coupled effect of all three components, solute, solvent, and
substrate, determines the nucleation barrier in surface-induced
crystallization, implied in our model. Our methodology and
mechanistic understanding have broad implications, given the
importance of surface-induced crystallization across many
disciplines. Furthermore, our model can potentially be used
for rational selection of solvent and substrate for a given solute
to promote thin film crystallization and to enhance solid-state
properties.
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