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1. Introduction

Organic semiconductors (OSCs) have 
attracted great attention due to their 
mechanical flexibility and solution pro-
cessability.[1,2] The performance of organic 
electronic devices strongly depends on 
molecular organization and morphology 
of the OSC in the deposited thin film.[3] 
Meniscus-guided coating (MGC) is a 
promising route to grow OSCs into highly 
ordered and long-range aligned crystalline 
films to ensure unhindered charge car-
rier transport and high performance of an 
electronic device.[4,5] Driven by the impor-
tance of controlling film morphology and 
molecular organization,[6] a number of 
MGC techniques, such as dip-coating,[7,8] 
zone-casting,[9,10] bar-coating,[11,12] and 
solution shearing,[13] have been devel-
oped over the last decade. The growth 
into long-range aligned structures has 
been achieved through MGC for liquid 
crystalline and crystalline small molecule 
OSCs.[9,13] High orientation of nanofibers 

has been realized for conjugated polymers by dip-coating and 
bar-coating.[14]

Key processing parameters during MGC to control the 
film thickness and morphology are coating velocity (ν) and 
solvent evaporation rate.[15,16] MGC is characterized by two 
main regimes, namely evaporative regime and Landau–Levich 
regime, defined by the relation between film thickness and 
ν. In the Landau-Levich regime a wet film is formed and 
subsequent solvent evaporation induces spatially random 
nucleation, upon which the thin film morphology forms 
by crystalline growth. In this regime, the film thickness 
increases as T ∼ ν2/3 due to a larger viscous drag at increasing 
speed. The reason for the exponent being smaller than unity 
stems from the super-linear decrease in momentum in the 
vertical direction, away from the substrate.[17] In the evapora-
tive regime, the film thickness decreases as ∼ν−1 as solvent 
evaporation from the meniscus drives mass transport toward 
the contact line at which the solidification of the solute takes 
place. Since the steady state evaporative flux does not depend 
on the coating velocity, mass conservation dictates that the 
entrainment rate should half, if the speed increases by a factor 
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two. In the evaporative regime, crystal nucleation and growth 
occur exclusively in the vicinity of the contact line. At a cer-
tain ν the formation of new nucleation sites is suppressed, 
while the crystallization and ν are in correspondence leading 
to a directional growth of the domains. In this situation, a 
long-range orientation of the film structures without domain 
boundaries is achieved ensuring formation of optimal path-
ways for in-plane charge carrier transport.[18] Furthermore, the 
coating conditions can be adapted so that one polymorph can 
show different morphologies.[19]

Due to the significance of directionally oriented micro-
structure of thin films for the performance of organic field-
effect transistors (OFETs), a comprehensive understanding on 
the relation between crystallization kinetics and processing 
conditions is mandatory. Therefore, many research reports 
focused on this aspect during the last years. A major factor for 
optimal film morphologies at steady-state processing condi-
tions in the evaporative regime is the match between ν and sol-
vent evaporation rate, optimized for different small molecule 
OSCs, temperatures and solvents.[20,21] Superior morphology 
and electrical characteristics were also observed for zone-cast 
films when ν was equal to the equilibrium front evaporation 
speed of the pure solvent.[22] At low ν, supersaturation is no 
longer achieved after initial crystallization inducing aligned 
domain and molecular growth at optimized conditions. How-
ever, for faster ν, an isotropic domain structure is expected 
due to supersaturation ahead of the growth front due to sol-
vent evaporation as demonstrated by our recently reported 
modeling.[23] These coating conditions also result in higher 
molecular disorder because of a stochastic nucleation of crys-
tallites.[24] Furthermore, crystal growth rate and film thickness 
are directly proportional to the concentration of the deposited 
solution.[25,26] But if ν and evaporation rate are balanced, the 
crystallization of the organic semiconductor at the contact line 
and the resulting film morphology become independent of the 
solute concentration.[26] For the optimization of the deposition 
process, the flow dynamics in the meniscus has also to be 
taken into account. In the evaporative regime, the mass trans-
port of molecules toward the contact line is crucial for the 
deposition rate and morphology formation of the film. A gra-
dient of the surface tension at the meniscus can increase the 
molecular transport toward the deposition contact line area 
due to stronger Marangoni flow.[27] Another option to increase 
the mass transport is the addition of a small concentration of 
an amorphous polymer binder to the solution.[28] The subse-
quent higher and more homogenous film crystallinity during 
MGC is attributed to a viscosity gradient at the meniscus due 
to the binder facilitating the draw of solute and mass trans-
port during coating. The mass transport during MGC is also 
controlled by the shape of the meniscus.

Dip-coating at a small meniscus angle enhances the mass 
deposition and crystallization of small molecules triggered by 
an enlarged upward fluid flow during coating.[29] The resulting 
aligned crystalline films show high surface coverage and charge 
carrier transport in OFETs. Another important aspect for the 
film crystallization during MGC is the surface energy of the 
substrate affecting the wetting of the solvent on the surface and 
contact line curvature.[15] Surface patterning into hydrophilic 
and hydrophobic areas allows selective deposition of the OSC 

during MGC due to wetting and dewetting of the solution.[30] 
However, for low contact angles of the solution the morphology 
of zone-cast films was reported to be independent of the surface 
treatment.[31] This behavior was attributed to the rapid solvent 
evaporation and crystallization of the solute at the meniscus 
contact line during MGC.

In this work, the correlation between ν, domain growth, 
long-range alignment, molecular order and charge carrier 
transport for MGC deposited small molecule OSC is estab-
lished to determine the dominating factor for the electronic 
performance of transistors. Understanding the simultaneous 
influence of both parameters, domain size and molecular order, 
on charge carrier transport is an important aspect for the fur-
ther development of MGC of next generation semiconductors. 
As model organic semiconductor, 4-tolyl-bithiophenyl-diketo-
pyrrolopyrrole (DPP(Th2Bn)2) is chosen due its crystallization 
into distinct spherulitic domains. The growth into spherulites 
is beneficial since it allows to tune solely the domain size by 
the processing parameters without changing the crystal mor-
phology. The film deposition was performed by zone-casting 
at varying ν and constant processing temperature to adjust the 
domain size. At sufficiently low ν the domains are stretched in 
the casting direction until a homogenous long-range alignment 
without boundaries is reached. The structural analysis con-
firmed a molecular orientation in the oriented crystalline films, 
but at the same time a lowered molecular order. Although the 
molecular order decreases, as the main structural parameter, 
the charge carrier transport is improved with larger domains 
and reduced density of boundaries in the transistor channel. 
This work provides novel insight in the correlation between 
domain growth, molecular order and charge carrier transport 
in OSC films obtained by zone-casting and provides essential 
guidelines for future scaling-up MGC techniques for manufac-
turing large-area organic electronics.

2. Results and Discussion

DPP(Th2Bn)2 consists of a conjugated diketopyrrolopyrrole and 
thiophene oligomer backbone and was deposited at different ν 
by zone-casting as illustrated in Figure 1a. The corresponding 
film morphologies were first inspected by polarized optical 
(POM) and atomic force microscopies (AFM) (Figure  1c,d). 
For all studied ν, a continuous crystalline film composed of 
densely packed DPP(Th2Bn)2 spherulites is observed. The 
casting conditions were chosen not to affect the fluid dynamics. 
Therefore, only changes in size and orientation of the spher-
ulitic domains are observed as consequence of variation of ν. 
To obtain the relation between mean domain size (Aν) and 
ν, the domain boundaries were highlighted in POM images 
and extracted into domain contour images (Figure S1, Sup-
porting Information) allowing to present Aν as a function of ν 
in Figure 1b. As evident from the POM and AFM images, the 
film morphology for 500 and 1000 µm s−1 consists of isotropic 
impinged spherulitic domains, nucleated randomly across the 
film. Relatively small DPP(Th2Bn)2 domains of A1000 ≈ 30 µm2 
are obtained at 1000 µm s−1. When ν is decreased from 1000 to 
75  µm s−1, the average size of the DPP(Th2Bn)2 domains sig-
nificantly increases. At low ν of 75  µm s−1, A75 reaches a size 
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of 30 000 µm2, around 1000 times of A1000. With decreasing 
ν, the domains become anisotropic (Figure  1c,d) as recently 
predicted by our model.[23] At 75 and 100 µm s−1, the domains 
exhibit a preferred directionality along the casting direction. At 
these velocities, the nucleation point is off-centered within the 
elongated domains, differently from the central nucleation at 
500 and 1000 µm s−1 (Figure  1d). The model has exposed that 
at high coating velocity, solute depletion from the solution due 
to solidification is overcompensated by accumulation leading to 
an isotropic domain shape. The depletion dominates at a low 
velocity and prevents collision of the growth front onto newly 
nucleated crystallites resulting in the formation of stretched 
domains.[23]

The mean thickness (Tν) of the DPP(Th2Bn)2 films is much 
smaller than the mean diameter (dν) of the domains, espe-
cially for low ν. The parameter Tν also exhibits a pronounced 
rise with the decrease of ν, as shown in the inset of Figure 1b. 
For instance, T75 of 750  nm at 75  µm s−1 is around 7 times 
higher than T1000 at 1000  µm s−1 and is determined by the 
deposited mass per area at a specific substrate speed (inset in 
Figure 1b).

3. Molecular Organization

To investigate the molecular order and long-range orientation 
in the zone-cast films, grazing incidence wide-angle X-ray scat-
tering (GIWAXS) was employed. The analysis of the struc-
tural data reveals that the coating speed does not affect the 
lattice parameters of DPP(Th2Bn)2, but strongly influences 
the domain size and directional molecular alignment in the 
film. All deposited films show an edge-on orientation of the 
DPP(Th2Bn)2 molecules as evident from the out-of-plane posi-
tion of the (100) reflection corresponding to the interlayer dis-
tance of 2.10 nm (Figure 2a). The off position of the π-stacking 
reflection, as indicated in the inset of Figure 2d and assigned 
to the distance of 0.36 nm, additionally suggests a 32° tilting of 
the molecules toward the substrate. Measurements performed 
with the incident beam perpendicular and parallel to the casting 
direction provide information about the structural anisotropy as 
a function of ν. The DPP(Th2Bn)2 film cast at the highest ν of 
1000 µm s−1 exhibits identical reflection patterns for the parallel 
and perpendicular measurements (Figure S2, Supporting Infor-
mation), corresponding to the small and isotropically shaped 

Figure 1. a) Schematic illustration of zone-casting and molecule structure of DPP(Th2Bn)2, b) relation between Aν and ν for zone-cast DPP(Th2Bn)2 
(inset: Tν as a function of ν), c) POM, and d) AFM images of zone-cast DPP(Th2Bn)2 domains obtained at different ν.
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domains observed by POM and AFM. In contrast, scattering 
patterns in Figure S2 (Supporting Information) recorded for 
the perpendicular and parallel coating directions differ for the 
film deposited at lowest ν of 75 µm s−1 confirming an orienta-
tion at a molecular level that persists in the elongated domains 
across a macroscopic length scale.

The structural anisotropy is derived for different ν and the 
parallel and perpendicular directions of the film orientation 
from the intensity ratio I┴:I║ of the in-plane (002) reflection (as 
indicated in the inset pattern in Figure 2d). The highest I┴:I║ 
ratio of 1.3 is determined for the lowest ν of 75 µm s−1, while 
for highest ν of 1000 µm s−1 this value drops to near unity. Due 
to the weak scattering of the zone-cast films, the out-of-plane 
interlayer 100 reflection was used to calculate the coherence 
length (dCL) to indicate changes in molecular order as function 
of ν. The out-of-plane dCL linearly increases with higher ν from 
11.8  nm at 75  µm s−1 to 20.6  nm at 1000  µm s−1 (Figure  2b). 
At the same time, dCL declines with the film thickness and in-
plane domain size Aν as shown in Figure 2c. These correlations 
prove that the crystallinity is reduced for higher film thickness 
despite of an in-plane directional growth of the domains indi-
cating a pronounced impact of the substrate surface on the 
molecular ordering in thinner films.

As another structural parameter, the uniformity of the crys-
tallite arrangement with respect to the substrate is characterized 

by the full width at half maximum (FWHM) χ extracted from 
the angular intensity distribution of the (100) out-of-plane 
reflection from the parallel GIWAXS patterns (Figure 2d). This 
value decreases from 14.1° for films coated at 75 µm s−1 to 7.6° 
for 200  µm s−1 and remains on a constant level for higher ν 
(Figure 2d). Both parameters χ and Aν are closely linked to each 
other and follow the same trend with ν. The lower χ and dCL 
values for higher ν confirm an increased molecular ordering 
for smaller film thickness. The higher crystallinity found for 
thinner films is attributed to surface induced and confined 
crystallization. For thicker film, the role of the surface becomes 
smaller and the film bulk exhibits lower molecular order despite 
long-range alignment of the domains in the coating direction.

4. Electronic Performance

The influence of domain size and directionality on charge car-
rier mobility (µν) in zone-cast films of DPP(Th2Bn)2 was inves-
tigated by fabricating FETs in bottom-gate/top-contact (BGTC) 
configuration. The BGTC configuration excludes an influence 
of the bottom electrodes on the crystal growth of the OSC. Fur-
thermore, it typically leads to an underestimated µν induced 
by bulk traps for thick film,[32] since the effective pathways for 
charge carriers in the transistor are formed by the first few 

Figure 2. a) Out-of-plane parallel GIWAXS profiles for DPP(Th2Bn)2 zone-cast at different ν; b) coherence length dCL calculated for the (100) reflection 
as a function of ν, and c) dCL as a function of Aν and Tν; d) FWHM for the angular distribution of (100) reflection parallel to coating direction (inset: 
GIWAXS pattern recorded in the parallel direction for DPP(Th2Bn)2 zone-cast at 75 µm s−1, main reflections used for the structural analysis are indicated. 
All dashed lines in the graphs are eye guides.
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layers at the interface to the dielectric.[33] We note that since this 
work focuses on the effect of the crystal growth of the organic 
semiconductor as a function of the coating speed, process opti-
mization toward high FET performance is considered out of 
scope.

The devices show a typical p-type behavior that is strongly 
dependent on ν and channel length (L) of the device. In 
films cast at 500  µm s−1, d500 of the DPP(Th2Bn)2 domains is 
smaller than L of the transistor (Figure  3a). For transistors 
with L30µm, µ500µm/s is around 5.1 × 10−3 cm2 s−1 V−1, with an 
on/off ratio around 5000 (Figure S3a, Supporting Informa-
tion). With the increase of L, µ500µm/s decreases linearly to 0.9 × 
10−3 cm2 s−1 V−1 for L80µm (Figure 3b). The mobility µ500µm/s is 
linearly dependent on L due to the small domain size. As sche-
matically shown in Figure 3a for the film cast at 500 µm s−1, the 
number of domain boundaries as trapping sites between source 
and drain electrodes greatly increases when L is enlarged from 
30 to 80  µm. In contrast, µ100µm/s remains constant between 
1.6–2.1 × 10−2 cm2 s−1 V−1 for L in the range of 30–80  µm, 
(Figure  3b and Figure S3c, Supporting Information). The 
l-independent µ100µm/s is attributed to the much larger domains 
which are comparable to or larger than L (Figure 3a).

Figure  3c presents the relation between µν and ν for zone-
cast DPP(Th2Bn)2 transistors with L30µm. When ν decreases 
from 1000 to 200  µm s−1, µν increases only slightly from 
0.3 × 10−2 to 0.7 × 10−2 cm2 s−1 V−1, while for lower ν of 100 and 
75 µm s−1, µ100µm/s and µ75µm/s increase to 1.9 × 10−2 and 2.7 × 
10−2 cm2 s−1 V−1, respectively (Figure  3c and Figure S3e, Sup-
porting Information). Despite the improvement of the charge 
carrier mobility, the output curves for ν of 100 and 75 µm s−1 in 

Figure S3e (Supporting Information) indicate contact and bulk 
resistance due to a rougher semiconductor/electrode interface 
of the large DPP(Th2Bn)2 domains and higher film thickness. 
The overall upward trend of µν with lower ν follows the rise 
of Aν, despite the decreased molecular order and higher bulk 
resistance (Figure  3c). As evident from Figure S4 (Supporting 
Information), the charge carrier mobility increases with higher 
azimuthal crystal misalignment and lower coherence length. At 
the same time, as presented in Figures 1b and 3c, the mobility 
rises with the increase in domain size obtained at lower coating 
velocity. From these correlations, it can be concluded that the 
influence of molecular disorder on charge carrier mobility is 
overcompensated by the increase of the domain size. There-
fore, a larger size and a preferential orientation of the domains 
are the dominating factors for the improvement of the charge 
carrier transport in the zone-cast DPP(Th2Bn)2 films (µ75µm/s is 
around 9 times higher than µ1000µm/s).

5. Conclusion

In this work, the crystal growth and morphology formation of 
DPP(Th2Bn)2 as model organic semiconductor for spherulitic 
domains during MGC is investigated. The spherulitic domain 
size of DPP(Th2Bn)2 is controlled by the coating velocity (ν) 
during zone-casting, whereby a low ν leads to large size and 
directional growth of the domains. The slower ν ensures a low 
nucleation density, large and off-centered nucleation resulting 
in domains becoming stretched in the coating direction with 
a low density of domain boundaries. At the same time, with 

Figure 3. a) Illustration of domain boundaries between source and drain electrode for DPP(Th2Bn)2 films zone-cast at 100 and 500 µm s−1, b) µν as a 
function of L for films zone-cast at 100 and 500 µm s−1, and c) µν as a function of ν at L = 30 µm.
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reducing ν and increasing Tν the molecular order declines as 
consequence of the higher film thickness. As the dominating 
factor for the charge carrier transport in transistors, the con-
duction pathways are established for domain sizes exceeding 
the channel length of the device overcompensating the 
decreased molecular order and higher bulk resistance. In this 
way, the density of domain boundaries within the transistor 
channel is restrained. The found correlations are crucial for 
the development of MGC as a practical processing technique 
for upscaling the solution deposition of organic semiconduc-
tors in future.

6. Experimental Section
Meniscus-Guided Coating: Silicon substrate with a 300 nm SiO2 layer 

was treated by oxygen plasma for 3 min. Zone-casting was performed 
from 3 mg mL−1 DPP(Th2Bn)2/CHCl3 solution on silicon substrate with 
varying coating velocities from 75 to 1000 µm s−1. During zone-casting, 
the solution and substrate temperatures were 50 °C.

Characterization Methods: POM images were obtained by Leica 
polarized optical microscope at partly polarized condition to gain a 
distinct contrast of the domain boundaries. Domain boundaries were 
highlighted on the POM images by Adobe Photoshop CS6, and then the 
domain contour images were extracted. Domain sizes were calculated 
from domain contour images by ImageJ. The thickness of DPP(Th2Bn)2 
crystalline films was determined with a P-7 stylus profiler (KLA Tencor). 
GIWAXS measurements were performed by means of a solid anode 
X-ray tube (Seimens Kristallofelx X-ray source, copper anode X-ray tube 
operated at 35  kV and 40  mA), Osmic confocal MaxFlux optics, X-ray 
beam with pinhole collimation, and an MAR345 image plate detector 
calibrated with the usage of silver behenate. Datasqueeze software 
was used for data processing and analysis. The coherence length was 
determined using the Scherrer equation[34]

2
CLd

K
q

π= ∆  (1)

where Δq is the full width at half-maximum of the reflection and K is 
a shape factor with the empirical value of 0.9. Reflections were fitted 
to Lorentz distribution with usage of Origin 2018 software. Errors of 
estimate were determined by exact differential method.

OFET Characterization: Bottom-gate/top contact configuration 
devices were fabricated to reveal the influence of domain size on the 
charge transport. Heavily n-type doped Si wafers were used as gate 
electrode and the 300  nm SiO2 layer (11  nF cm−2) acted as a gate 
dielectric. DPP(Th2Bn)2 crystalline films were annealed at 100 °C in glove 
box for 1 h to remove residual solvent. Source and drain electrodes were 
deposited at a thickness of 50  nm by gold thermal evaporation. The 
transistor channel width is 1000  µm with the channel lengths varying 
from 30 to 80 µm. A Keithley 4200-SCS was used for measurements of 
the charge transport in glove box under nitrogen atmosphere.
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