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Abstract 

Meniscus instability during meniscus-guided solution coating and printing of conjugated polymers 

has significant impact on the deposit morphology and the charge transport characteristics. The lack 

of quantitative investigation on meniscus-instability-induced morphology transition for conjugated 

polymers hindered the ability to precisely control conjugated polymer deposition for desired 

applications. Herein, we report a film-to-stripe morphology transition caused by stick-and-slip 

meniscus instability during solution coating seen in multiple donor-acceptor polymer systems. We 
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 2 

observe the coexistence of film and stripe morphologies at the critical coating speed. Surprisingly, 

higher charge carrier mobility is measured in transistors fabricated from stripes despite their same 

deposition condition as the films at the critical speed. To understand the origin of the morphology 

transition, we further construct a generalizable surface free energy model to validate the hypothesis 

that the morphology transition occurs to minimize the system surface free energy.  As the system 

surface free energy varies during a stick-and-slip cycle, we focus on evaluating the maximum 

surface free energy at a given condition, which corresponds to the sticking state right before 

slipping. Indeed, we observe increase of the maximum system surface free energy with increase 

in coating speed prior to film-to-stripe morphology transition and abrupt drop in the maximum 

system surface free energy post-transition when the coating speed is further increased, which is 

associated with reduced meniscus length during stripe deposition. Such energetic change 

originates from the competition between pinning and depinning forces on a partial wetting 

substrate which underpins the film-to-stripe transition. This work establishes a quantitative 

approach for understanding meniscus-instability-induced morphology transition during solution 

coating. The mechanistic understanding may further facilitate the use of meniscus instability for 

lithography-free patterning or to suppress instability for highly homogeneous thin film deposition. 

Introduction 

Meniscus-guided solution coating has been widely adopted as a highly effective fabrication 

method for high-throughput, low-cost and large-area coating of functional materials. The 

evaporating, moving meniscus during the coating process entails highly complex and coupled 

transport and assembly processes often occurring at far-from-equilibrium conditions.1 The 

interplay between solvent evaporation, viscous drag-out, ink dewetting, phase transition and 

capillary/Marangoni flows frequently gives rise to meniscus instability which critically influence 
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 3 

the final morphology of the deposit. Meniscus instability can lead to material deposition into 

clusters, lines, stripes, hyperbranched patterns, etc. with various spacings and topologies.2-5  

Meniscus-instability-driven morphology transition of the deposit has been commonly observed 

in solution coating or evaporative assembly of colloid and polymer materials.4-7 The morphology 

transition can be introduced by combination and competition of various factors, including 

Marangoni flow and capillary flow near the contact line, meniscus pinning force and depinning 

force at the deposit front, wetting and dewetting of the ink solution on the substrate and the solid 

deposit, etc. Farcau and coworkers observed deposit morphology transition in blade-coated Au 

nanoparticles assemblies from stripes parallel with the contact line to islands of clusters, followed 

by the emergence a different type of stripes perpendicular to the contact line when decreasing the 

substrate temperature.7 Yabu and coworkers observed the morphology transition in blade coated 

PMMA layer from horizontal stripes to ladder-shaped structures while increasing the polymer 

concentration.5 Deblais et al. observed transition of uniform liquid film into stable liquid filament 

along the coating direction during blade coating of shear thinning polymer solution within a 

specific range of capillary number.2 Although morphology transition was commonly observed 

during evaporative assembly and solution coating/printing, there is rarely quantitative study and 

models for describing to occurrence of morphology transition.  

Past studies have revealed that morphology from molecular to macroscale in solution-coated 

organic semiconductor (OSC) thin films critically influences the charge transport characteristics.8-

16 During solution coating, the meniscus motion and instability can directly impact the deposit 

morphology and therefore influence the charge transport properties. On the other hand, the 

meniscus instability – thin film morphology – charge transport property relationship has not been 

studied before. Such understanding can enable better control over thin film morphology, offer 
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 4 

strategies to pattern stripe/dot arrays for transistor fabrications and to modulate electronic 

properties in printed devices.   

In this work, we observe coating speed dependent film-to-stripe transition during meniscus-

guided solution coating of multiple donor-acceptor conjugated polymers and studied in detail this 

phenomenon in poly(diketopyrrolopyrrole-co-thiophene-co-thieno[3,2-b]thiophene-co-

thiophene) (DPP2T-TT) thin films. At a critical transition speed, thin films and stripes were 

deposited interchangeably. Interestingly, different molecular stacking and a three-fold higher 

charge carrier mobility is measured from devices made of stripes compared to thin film devices 

deposited at the same condition. To understand the underpinning mechanism of morphology 

transition, we employ high-speed imaging and develop image analysis algorithm to discover two 

distinct regimes of stick-and-slip meniscus instability before and after the transition, which 

drastically differ in terms of stick-and-slip frequency and amplitude. We hypothesize that such 

regime change is driven by increasing system energy with increasing coating speed in the high-

frequency, low-amplitude stick-and-slip regime, which transitions to low-frequency, high 

amplitude stick-and-slip regime after crossing a critical speed to lower the overall system energy. 

This hypothesis is successfully validated by the surface free energy model developed in this work. 

Our work is a significant first step towards quantitative understanding of meniscus-instability-

driven morphology transition during evaporative assembly and/or solution coating of functional 

materials.  

Results and Discussions 

   Morphology characterizations. We employed a simple meniscus-guided coating method9, 12, 14, 

17 (Figure 1a, b) to deposit DPP2T-TT conjugated polymer (Figure 1c) and studied the 

morphology of the deposit as a function of coating speed. In brief, DPP2T-TT / chloroform 
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 5 

solution was placed between an octadecyltrichlorosilane (ODTS) functionalized SiO2 substrate 

and a 7° tilted blade. Translational blade movement at various speeds drove evaporative assembly 

of DPP2T-TT, producing thin film or stripe deposition on the substrate. The solution concentration 

was fixed at 5 mg/ml and the substrate temperature at 25 °C. When the coating speed increased 

from 0.3 to 2 mm/s, we observed morphology transition of DPP2T-TT deposit from continuous 

film (Figure 1d,e) to periodic stripe array (Figure 1f, g). The two regimes were bisected by a 

critical coating speed of 1mm/s, while around the critical speed, film patches and stripe arrays 

coexisted (Figure 1f). Coating speeds beyond 2 mm/s were not shown as no deposition occurred 

due to ink dewetting. To compare the differences in morphology characteristics from molecular to 

macroscale and in charge transport properties,  we characterized the films vs. stripes employing a 

suite of methods including cross-polarized optical microscopy (C-POM) for overall morphology 

and alignment, grazing incidence wide angle X-ray scattering (GIWAXS) for molecular packing 

and orientation, atomic force microscopy (AFM) for mesoscale morphology and field-effect 

transistor (FET) device measurements for charge transport properties. 
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 6 

 

Figure 1. Schematics of meniscus-guided coating of DPP2T-TT for (a) film deposition and (b) 

stripe deposition with stick-and-slip meniscus motion. The dotted lines and the solid lines represent 

the meniscus position before and after slipping, respectively. The 3D AFM image insets represent 

morphology of film coated at 0.9 mm/s and stripe coated at 1.5 mm/s coating speed. The AFM 

insets are not to scale as to better compare the morphology difference between film and stripes. 

Real scale SEM images are included in Figure S6. (c) Molecular structure of DPP2T-TT. (d-h) 

Cross polarized optical microscopy images of DPP2T-TT coated from 5 mg/ml chloroform 

solution at (d) 0.3 mm/s, (e) 0.5 mm/s, (f) 1 mm/s, (g) 1.5 mm/s and (h) 2 mm/s. Deposit 
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 7 

morphology transition occurs at 1 mm/s where film and stripe coexist. The crossed arrows indicate 

the cross polarizer orientation. The arrow at the lower left of each image indicates the coating 

direction. The top row of images were with the coating direction aligned along a polarization axis 

of the light and the bottom row were obtained with the coating direction at 45⁰ from the 

polarization axis. (i) DPP-BTz molecular structure and morphology transition coated from 5 mg/ml 

toluene solution at 2 mm/s and 3 mm/s. (j) PII-2T molecular structure and morphology transition 

coated from 5 mg/ml toluene solution at 1 mm/s and 3 mm/s. All scale bars are 100 μm. 

To visualize the overall deposit morphology and the global molecular alignment, we performed 

C-POM complemented with AFM measurements on DPP2T-TT films (thickness 20-80 nm)  and 

stripes (height 70-120 nm). Both methods revealed periodic undulation on the top surface of the 

DPP2T-TT thin films (Figure 1d-f), forming stripes parallel to the meniscus front. Together with 

the regularly spaced stripes (Figure 1f-h), we infer that meniscus stick-and-slip instability occurs 

during both film and stripe deposition, however, at drastically different frequencies (150 – 300 s-1 

for film deposition and 40 – 100 s-1 for stripe deposition depending on the coating speed). The 

spacing between stripes also systematically decreased with increasing coating speed (Figure 1f-

h). Meanwhile, the amplitude of the undulation on films was also significantly different from the 

stripe thickness, which was <10 nm for films and ~100 nm for stripes (Figure 1a, b insets). 

Furthermore, when we rotated the substrates from 0° and 45° under cross-polarizers, we observed 

clear birefringence which indicated that the polymer backbone in the deposited film and stripes is 

preferentially aligned either along or transverse to the coating direction (Figure 1 d-h). Similar 

film-to-stripe morphology transition was observed in other conjugated polymer systems including 

poly[[2,5-bis(2-octadecyl)-2,3,5,6-tetrahydro-3,6-diketopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-(2-

octylnonyl)-2,1,3-benzotriazole] (DPP-BTz) and poly[3,3’-bis(4-decyl-1-tetradecyl)- 6,6’-
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 8 

bis(thienyl-5-yl)-isoindigo] (PII-2T) (Figure 1i, j), indicating generality of this phenomenon. To 

quantify the polymer alignment and the molecular packing, we next performed grazing incidence 

wide angle X-ray scattering to compare film with stripe samples using DPP2T-TT as the model 

system.  

6.5 

 

Figure 2. GIWAXS diffraction patterns from (a) parallel and (b) perpendicular measurements on 

the following samples: 0.3 mm/s film, 0.5 mm/s film, 1 mm/s film, 1 mm/s stripe and 2 mm/s 

stripe. Herein the parallel and perpendicular refer to the relative orientation of the X-ray incidence 

beam with respect to the coating direction. (c-d) Reciprocal q-spacing of the (c) (200) and (d) (300) 

Page 8 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 9 

lamellar stacking peaks comparing films vs. stripes. (e) In-plane π-π stacking anisotropy calculated 

as the ratio of perpendicular (010) π-π stacking peak area vs. the parallel peak area. (f) Inferred 

morphology model of film (upper) and stripe (lower) deposit. Green bricks represent the polymer 

backbone.  

Through GIWAXS measurements, we compared the molecular packing details in film vs. stripes 

by analyzing the π-π and lamella stacking peaks (Figure S1-4). We also determined the polymer 

backbone alignment in film vs. stripes by comparing the π-π stacking peak intensities measured 

with the sample coating direction parallel vs. perpendicular to the incidence beam (Figure 2). The 

(010) π-π stacking peak from film samples predominantly appeared as ‘edge-on’ around q ≈ 1.74 

Å-1, corresponding to ~3.61 Å π-π stacking distance. The lamella stacking distance in film samples 

remained ~ 24 Å determined from (200) and (300) peaks. Upon film-to-stripe transition at 1mm/s, 

the π-π stacking distance was slightly reduced in stripes (Figure S1a, S3), whereas the lamella 

stacking distance moderately increased at the same time (Figure S1b,c). The difference in 

molecular packing of stripes vs. films was further manifested in the significant shift in higher order 

lamella stacking peaks, wherein the (200) and (300) peaks shows distinct average peak positions 

comparing the film and stripe regime (Figure S4c,d). The change in the peak position and the 

FWHM of the (200) and (300) lamellar stacking peak (Figure S4c,d, S1b,c) clearly suggest larger 

lamellar stacking distance and increased disorder in stripes in comparison to films. 

Regarding polymer backbone alignment in-plane (parallel to the substrate plane), we observed 

more intense edge-on π-π stacking peak when the incidence beam was perpendicular to the sample 

coating direction than the parallel case at all conditions (Figure 2a,b), indicating preferred  

backbone alignment orthogonal to the coating direction. We quantified the degree of backbone 

alignment in-plane by evaluating the π-π stacking anisotropy, P, defined as the ratio of edge-on π-
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 10 

π stacking peak areas between perpendicular vs. parallel measurements, with P > 1 indicating a 

preferred perpendicular backbone alignment. Figure 2e plotted P with respect to the coating speed 

for both the film and stripe morphology. We observed a maximum P = 3.1 at 1 mm/s at the 

transition coating speed. Interestingly, the drastic change in morphology from film to stripe did 

not influence the backbone alignment as P values were nearly identical for film and stripe at the 

same coating speed of 1mm/s. Despite the morphology transition, P remained > 1 across all speeds 

tested, meaning the polymer backbone in both film and stripes preferably aligned orthogonal to 

coating and parallel to the long axis of stripes on the film and the long axis of the stripes (Figure 

2f). 
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 11 

 

Figure 3. FET device configuration and performance of DPP2T-TT with (a-c) film morphology 

and (d-f) stripe morphology. (b) and (e) are representative transfer curves corresponding to film 

and stripe coated at 1 mm/s, respectively. (c) and (f) are representative output curves at the same 

condition. (g, h) Comparison of charge carrier mobilities measured at (g) low VGS (-20V to -50V) 

and (h) high VGS (-50V to -100V) in the saturation regime. The source-drain voltage VDS was -100 

V. For films, measurements were performed both parallel and perpendicular to the coating 

direction, whereas stripes perpendicular to coating only.  For charge transport mobility of stripes, 

channel width was corrected by multiplying the number of stripes in the channels with the stripe 

width. Number of stripes was obtained by dividing the total channel width (7500 μm) by the stripe 
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 12 

pitch (Figure S9). (i) Mobility vs VGS plot comparing 1.1 mm/s perpendicular film and 1.1 mm/s 

stripe. 

FET device characterizations. After determining the molecular stacking and alignment from 

GIWAXS, field-effect transistor (FET) devices were fabricated with DPP2T-TT films and stripes. 

Bottom-gate, top-contact FET device architecture was used with bottom-to-top layers of Si wafer 

/ 300 nm SiO2 and ODTS / DPP2T-TT / 35 nm Au (Figure 3a, d). Charge transport was measured 

parallel and perpendicular to the coating direction for films, but only perpendicular to coating for 

stripes due to their narrow line width. In all cases, we observed non-ideal transport characteristics, 

exhibited as “kinks” in the transfer curves (Figure 3b, e), possibly due to gate-voltage dependence 

of contact resistance or simultaneous injection of holes and electrons.18-20 To avoid 

misinterpretation of the charge carrier mobility, the apparent saturation mobilities were extracted 

from both the low VGS region before the kink ( -20 V to -50 V) and the high VGS region after the 

kink ( -50 V to -100 V), plotted in Figure 3g and 3h respectively. The mobility versus VGS plot 

comparing film vs. stripe devices at the same speed was shown in Figure 3i. The maximum 

mobility was observed for stripes coated at 1.1 mm/s with channel width correction, which was 3 

times higher than the average mobility in films coated at the same condition. Such a large 

difference in apparent mobility of films vs. stripes was surprising considering similar degrees of 

molecular alignment based on the GIWAXS study. X-ray measurements are capable of revealing 

morphologies at different length scales,21-23 where FET performances can be critically influenced. 

With analysis on the π-π stacking and the lamellar stacking peaks comparing peak position and 

FWHM (Figure S1), we found different molecular stacking distances and levels of 

paracrystallinity between film and strips deposited at the same condition, which may give rise to 

the mobility difference. We also speculated that stripes may exhibit higher degree of crystallinity 
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 13 

with slower deposition rate, leading to higher charge carrier mobility in stripes.  In terms of charge 

transport anisotropy in films, we observed moderately higher mobility perpendicular to the coating 

direction (Figure S5), consistent with our prior observations.12, 14, 24 The improved charge carrier 

mobility in stripes as compared to films prepared under the same condition demonstrates the 

potential advantage of leveraging meniscus instability for printing high performance as well as 

patterned transistor arrays.  

 

 

Figure 4. High speed imaging of the meniscus motion (side view) comparing (a) film deposition 

at 0.7 mm/s and (b) stripe deposition at 0.9 mm/s in 4 ms time period. (c-d) Schematics of the 
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 14 

meniscus right before and right after slipping (with Gmax and Gmin, respectively) during stick-and-

slip motion for (c) film and (d) stripe deposition. The interfaces contributed to the system surface 

free energy model were highlighted; they are the meniscus free surface (red), the contact area 

between the ink and the substrate (green) and the contact area between the ink and the deposit 

(blue). The contact areas that remain unchanged between stick and slip are not shown. (e-g) Real 

time tracking of arc length a for (e) film deposition at 0.5 mm/s, (f) film and stripe deposition at 

0.9 mm/s and (g) stripe deposition at 1.5 mm/s. Arc lengths were obtained from image analysis of 

each frame obtained at 1000 fps, or 1ms intervals.  

High-speed imaging. In order to understand the mechanism of morphology transition, we 

performed high-speed imaging to quantitatively characterize the meniscus stick-and-slip motion 

and the regime change. The high speed camera was set at 1000 frames per second (fps) in 

transmission configuration to capture the side view of the meniscus during coating from 0.5 mm/s 

to 2 mm/s. The frame rate employed was sufficient for visualizing both film and stripe deposition 

(see supplementary videos), with high stick-and-slip frequencies for film deposition (150 – 300 s-

1) and low frequencies for stripe deposition (40 – 100 s-1). Examples of the meniscus movement 

was shown in Figure 4a and b for film and stripe deposition, respectively. In film deposition, the 

stick-and-slip motion was more nuanced and can hardly be discerned in Figure 4a due to high 

stick-and-slip frequency and small slipping distance. On the contrary, during stripe deposition, the 

slipping event of the meniscus was very pronounced where the meniscus jumped by 10-25 m 

from the prior sticking point to a new position within 4 ms. Enabled by high speed imaging, we 

were able to analyze the movement and the shape of the meniscus to perform the following surface 

free energy analysis for further understanding of the morphology transition. 
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Surface free energy model.  Modeling and simulation studies on meniscus instability have been 

performed to evaluate important factors affecting patterned material deposition.25-27 With regard 

to governing-equation based modeling approach for describing stick-and-slip instability, both 

energy balance and force balance approaches have been reported, usually applied at the threshold 

of meniscus depinning.28-31 On the other hand, models that can capture regime change of stick-

and-slip instability during meniscus-guided coating are rarely reported. 

Inspired by the well-studied surface free energy model for stick-and-slip in an evaporating 

sessile drop,28, 29 we constructed a surface free energy model for describing the meniscus stick-

and-slip instability catering to the meniscus-guided coating geometry. In particular, we were 

interested in quantifying the surface free energy of the meniscus and correlating morphology 

transition with the change of surface free energy; this is considering that the surface free energy of 

the meniscus can fully embody the pinning and de-pining forces that govern the stick-and-slip 

instability, both of which originate from capillarity.32, 33 In our model, there are three interfaces 

that contribute to the surface free energy of the meniscus: the meniscus free surface, the substrate-

meniscus interface and the deposit-meniscus interface (Figure 4c,d); the remaining interfaces of 

the ink solution were not evaluated because they were considered invariant during stick-and-slip. 

Because the widths of the studied interfaces equal to the width of the deposit, the surface areas to 

be evaluated are reduced from 3D to 2D, with arc length a for the meniscus surface, drag length d 

for the substrate-meniscus interface and undulation l and thickness h for the deposit surfaces 

(Figure 4c,d). Therefore, the total surface free energy G per width of the deposit equals to the sum 

of the length of the interfaces multiplied with the corresponding interfacial free energy. The 

maximum system surface free energy Gmax is reached when the meniscus is stretched to its 

maximum length before slipping, while the minimum system surface free energy Gmin occurs when 
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the meniscus slips to its equilibrium position with the shortest meniscus and substrate-meniscus 

length.  For both film and stripe deposition, Gmax represents the surface free energy of the meniscus 

right before slipping and Gmin represents that right after slipping, illustrated in Figure 4c and d. 

For film deposition, the meniscus pins at the apex of the undulation at Gmax,f and slips to the edge 

of the film at Gmin,f. The surface free energy (per unit width) Gmax,f and Gmin,f during film deposition 

can be written as the following: 

𝐺𝑚𝑎𝑥,𝑓 = 𝑎𝑓1𝛾𝐿−𝑉 + 𝑑𝑓2𝛾𝐿−𝑆 + 𝑙𝑓𝛾𝐿−𝐷𝑃𝑃 + ℎ𝑓𝛾𝐿−𝐷𝑃𝑃                                                        (Eqn. 1) 

𝐺𝑚𝑖𝑛,𝑓 = 𝑎𝑓2𝛾𝐿−𝑉 + 𝑑𝑓2𝛾𝐿−𝑆 + ℎ𝑓𝛾𝐿−𝐷𝑃𝑃                                                                             (Eqn. 2) 

with γ representing interfacial free energy, L the DPP2T-TT/chloroform solution, V the air and S 

the ODTS-treated substrate. Unlike in film deposition, the meniscus movement in stripe deposition 

is pronounced and involves significant changes in the interfacial areas. For stripe deposition, the 

meniscus is pinned at the apex of the last stripe at Gmax,s and jumps to a new position on the 

substrate at Gmin,s. Similar to the case of film deposition, the system surface free energy Gmax,s and 

Gmin,s in stripe deposition can be written as the following: 

𝐺𝑚𝑎𝑥,𝑠 = 𝑎𝑠1𝛾𝐿−𝑉 + 𝑑𝑠1𝛾𝐿−𝑆 + 𝑙𝑠𝛾𝐿−𝐷𝑃𝑃                                                                         (Eqn. 3) 

𝐺𝑚𝑖𝑛,𝑠 = 𝑎𝑠2𝛾𝐿−𝑉 + 𝑑𝑠2𝛾𝐿−𝑆                                                                                             (Eqn. 4) 

Based on the constructed surface free energy model, we propose a hypothesis that explains the 

morphology transition from film to stripe during coating. We hypothesize that morphology 

transition occurs to lower the maximum system surface free energy Gmax (Figure 5a). With the 

increase of coating speed, the meniscus lengthens due to stronger viscous force imposed by the 

substrate, thus increasing Gmax,f (Table S2). On the contrary, Gmax,s should decrease instead as both 

the stripe height and the maximum meniscus length (judged from stripe spacing) continuously 

shorten with increasing coating speed (Table S2, Figure S9). Therefore, at a critical coating speed, 
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Gmax,f = Gmax,s to lead to interchangeable deposition of both film and stripe; lower (higher) than the 

critical speed, film (stripe) deposition is stable (Figure 5a).  

To validate the hypothesis and evaluate system surface energies, we performed image analysis 

on the high speed videos to obtain the length scales of the interfaces in the model, discussed below. 

We first extracted the lengths associated with the meniscus a and d from the high speed videos by 

batch processing the individual frames from the video, detailed in SI. The edge of the meniscus 

was identified and the meniscus was fitted to determine the arc length a. The drag length d was 

obtained from the projection of the meniscus on the substrate plane. Examples of the fitted a from 

film (0.5mm/s), transition (0.9mm/s) and stripe (1.5mm/s) regimes were shown in Figure 4e-g 

respectively. The transition speed varied around 1 mm/s from batch to batch due to the sensitive 

dependence of meniscus instability on processing conditions. Beside a and d, the undulation half 

width length lf, film thickness h and stripe half width ls were obtained from AFM measurements 

(Figure S7, 8). We further obtained interfacial free energies (Table S1) of respective interfaces 

using a method detailed in previous publications24, 34 and summarized in the SI. With the needed 

interfacial lengths and free energy values, the final system surface free energies were calculated 

and plotted in Figure 5b. 
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Figure 5. a) Hypothesized energy landscape of maximum system surface free energy Gmax,f and 

Gmax,w with respect to coating speed. b) Maximum and minimum system surface free energy at 

various speeds for film and/or stripe deposition. Error bars were from errors in length extractions 

from videos and interfacial free energy measurements. 

We observed increasing and decreasing trend in the maximum surface free energy with 

increasing coating speed. As hypothesized, for film deposition, Gmax,f increased from 4.6 μJ/m to 

6.0 μJ/m when the coating speed increased from 0.5 mm/s to 0.9 mm/s, due to increased arc length 

and drag length as a function of speed. At the transition speed 0.9 mm/s, the close match between 

Gmax,f of 6.0 μJ/m and Gmax,w of 5.8 μJ/m is consistent with our hypothesis that the max surface 

free energies for film and stripe regimes cross over at the critical coating speed. In the stripe 

deposition regime, Gmax,w first decreased from 5.8 μJ/m to 5.0 μJ/m from 0.9 mm/s to 1.5 mm/s, 

following the proposed trend of decreasing Gmax,w with increasing speed. Both arc length and drag 

length decreased from 0.9 mm/s to 1.5 mm/s as a result of the decreasing amount of deposition 

and the increasing deposition frequency. However, Gmax,w did not further decrease at 2 mm/s and 

instead moderately increased, possibly due to the instability of stripe deposition on non-wetting 
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substrates as evidenced by no stripe deposition at coating speed > 3mm/s. The difference between 

Gmax and Gmin for both film and stripe deposition come from the exposed deposit/substrate to air 

after meniscus slipping. The wider stripe pitch with exposed substrate in stripe deposition resulted 

in larger difference between Gmax and Gmin compared to film deposition. The change of Gmax and 

the occurrence of film-to-stripe transition reflects the interplay between pinning and depinning 

forces at the meniscus front, as a function of coating speed. As the coating speed increases, the 

film thickness decreases in the evaporation regime due to mass balance.35 At the same time, 

viscous drag force increases, which leads to extended meniscus length with lower dynamic contact 

angle. The decrease in film thickness causes the decrease in the pinning force, while the lower 

dynamic contact angle causes the increase in the depinning force. At a critical coating speed, 

pinning from thin film cannot balance with depinning of the meniscus, and thus the meniscus 

transits from film deposition into stripe deposition. After transition, given the partial wetting of 

solution on the substrate no longer covered by the film, both the arc length and the drag length 

decrease as to lower Gmax. Therefore we observed an apparent maximum system surface free 

energy at the film-to-stripe transition, which was caused by the maximum pinning/depinning 

existed at this transition. The film-to-stripe transition occurred to minimize the system surface free 

energy in order to avoid the appearance of the hypothetical film and stripe regimes with high 

system surface free energy as shown in Figure 5a. In general, the analysis on surface free energy 

validated the hypothesis on the relationship between the minimization of surface free energy and 

the appearance of film to stripe morphology transition. 

  

Conclusion 
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In conclusion, we demonstrated the film-to-stripe morphology transition induced by meniscus 

stick-and-slip instability for multiple polymer systems and systematically investigated solution 

coated DPP2T-TT. With increasing coating speed, morphology transition from undulated film to 

regularly spaced stripes was observed. The coexisting film and stripes deposited at the critical 

coating speed showed similar - stacking and degree of alignment with 3.1 anisotropy from 

GIWAXS. However, FET device measurement showed 3 times higher charge transport mobility 

in stripes compared to that in films coated at the same condition. To further understand and study 

morphology transition from meniscus instability, a generalizable surface free energy model was 

proposed for the meniscus guided coating setup. In this model, three changing interfaces, namely 

the meniscus free interface, the solvent-substrate interface and the solvent-deposit interface were 

quantitatively studied to obtain the maximum surface free energy Gmax during a stick-and-slip 

cycle. We hypothesize that film-to-stripe morphology transition occurs to lower Gmax. Through 

high speed imaging and analysis, we observed that the maximum surface free energies for film 

and stripe deposition Gmax,f and Gmax,w closely match at the critical coating speed; lower than the 

critical speed, Gmax continuously increased while higher than the critical speed, Gmax initially 

dropped as hypothesized. The increasing and decreasing trend of Gmax reflects the interplay 

between pinning and depinning forces that underlies the film-and-stripe morphology transition.  

We believe that our surface free energy model provides a quantitative approach for studying 

meniscus instability with morphology transition under the unidirectional coating frame work. We 

note that processing parameters are connected to the meniscus-instability-driven morphology 

transition through the system surface free energy model. By varying solution coating parameters, 

system surface free energy Gmax can be tuned as to alter the critical transition speed of the film-to-

stripe transition and tune the morphology of the deposited patterns. This work lays the foundation 
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for further investigations on predictive models for controlling meniscus instability during solution 

coating for lithography-free patterned deposition.  

  

Experimental section 

Sample preparation: The conjugated polymer DPP2T-TT (Mn = 20,000 g/mol, Mw = 104,000 

g/mol, PDI = 5.2) was synthesized following a previously published procedure and was used as 

received.36 Octyldecyltrichlorosilane (ODTS) treated 300 nm SiO2 on Si wafer was prepared as 

dewetting substrates with low trap densities. ODTS-treated substrates were specifically chosen to 

enable partial wetting and thus morphology transition. A 4’ silicon wafer with 300 nm thermally 

grown SiO2 layer was treated in oxygen plasma at 30 W power for 10 min (Harrick Plasma PDC-

001). The substrate was immersed in 0.2 v% solution of octyldecyltrichlorosilane (Acros, 99.5%) 

in anhydrous trichloroethylene (Sigma, 99%) for 20 min. The substrate was removed from solution 

and baked at 120 °C in air for 20 min for ODTS crystallization. Polymer DPP2T-TT was dissolved 

in chloroform (Macron, ACS grade) at 5 mg/ml and stirred for 2 hours to ensure dissolution. 

DPP2T-TT was deposited onto ODTS-treated SiO2 substrates by a meniscus-guided coating 

method using an ODTS-treated SiO2 blade.12, 17 Various coating speeds were used for deposition 

to induce film to stripe morphology transition. The substrate temperature was fixed at 25 ⁰C.  

Atomic force microscopy and scanning electron microscopy: AFM measurements were 

performed on the Asylum Cipher AFM with Tap300Al-G tapping mode AFM tips. Scan area was 

set to 30 x 30 μm2 to obtain mesoscale morphology of the films and stripes coated from different 

speed. Film thickness, dimension of undulation on films and dimension of stripes were obtained 

from AFM measurements for calculation of surface free energy. Pitch of film undulations was 
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obtained from AFM measurements and stripe pitch was obtained from microscopy for frequency 

calculation of the appearance of film undulation and stripes. Cross-sectional image of the stick-

and-slip films and stripes were characterized using scanning electron microscope (SEM, Hitachi 

S-4800) with acceleration voltage of 15 kV. Before measurements, the samples were cut in the 

center along the coating direction to expose the cross-section of films and stripes. A thin layer of 

Au-Pt with a thickness of several nanometers was deposited at the cross-section.  

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.37 Data were 

collected with an incident beam energy at 10.86 keV on a two-dimensional detector (Pilatus 1M) 

at two different positions and the images were combined to eliminate most of the inactive pixels 

using the GIXSGUI package written for Matlab.38  GIXSGUI was also used to apply corrections 

for detector nonuniformity, beam polarization, and detector sensitivity, and to reshape the 2-

dimensional data into the representation qz vs qr (= √𝑞𝑥
2 + 𝑞𝑦

2).  Experiments were carried in 

helium environment to reduce background scattering. The incident angle was set at 0.14 degree 

(above the critical angle of DPP2T-TT) for measurements. Information of the edge-on π-π stacking 

peak was obtained by performing a 5⁰ sector cut near the image horizon with -88⁰<χ<-83⁰ on the 

data images. Peak deconvolution was performed to separate the (010) 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). Similarly, a 5⁰ sector cut with -10⁰<χ<-5⁰ vertically on the images was 

performed to obtained peak information of the edge-on lamellar stacking peaks. Peak 

deconvolution and peak fitting with Gaussian function was performed for the (200) lamellar 

stacking peak and higher order peak. 
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Device fabrication and characterizations: Bottom gate top contact configuration was used to 

measure charge transport at the DPP2T-TT thin films and stripes. Gold source-drain electrodes 

with a thickness of 35 nm were evaporated on top of the DPP2T-TT deposit coated from 

chloroform solution. The channel length and width for thin films were 70 μm and 4500 μm 

respectively. For stripes, the channel length was 70 μm and the channel width was corrected by 

the stripe width. Keysight B1500A analyzer was used for all as-deposited FET devices 

measurements in a glove box under nitrogen environment. Gate bias between 0 to -100 V with 

drain voltage of -100 V was applied. The apparent mobility in the saturation regime was calculated 

using the equation 𝜇𝑠𝑎𝑡 =
2𝐿

𝑊𝐶𝑖
(

𝑑√𝐼𝑆𝐷

𝑑𝑉𝐺
)

2

. The capacitance for the 300 nm SiO2 layer was estimated 

with 𝐶 =
𝜀𝜀0

𝑑0
 where ε is the relative permittivity of the insulator (3.9 for SiO2), ε0 is the air 

permittivity and d0 is the thickness. With consideration of the influence of the ODTS layer,39 the 

capacitance of SiO2 used for calculation is 11 nF/cm2. For stripe charge transport mobility, 

correction of the channel width was performed by multiplying number of stripes in the channels 

with the stripe width. Number of stripes was obtained by dividing the total channel width (7500 

μm) by the stripe pitch (Figure S9). 

High speed video recording and analysis: Printing videos were recorded by Phantom v9.1 with 

1000 frame per second recording rate and 1632 x 1200 pixels resolution. The videos were 

processed with Phantom CV 2.8 to obtain individual frames for further image analysis. The images 

were analyzed with MATLAB using modified code containing the circle fitting code by Izhak 

Bucher.40 On each image frame, the meniscus was fitted with a circle where the arc length of the 

meniscus on the circle and the drag length of the meniscus as a projected length of the arc on the 

substrate horizon were extracted. The arc length and the drag length of the meniscus were used in 

the surface free energy calculation. 
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Interfacial free energy evaluation: Interfacial free energies of the ODTS-modified silicon wafer 

and DPP2T-TT thin films were estimated by contact angle measurements of known probing liquids 

and least square method analysis using equation of state proposed by Kwok and coworkers,34 with 

the Young’s equation as described in detail in our previous work.24 Contact angle measurements 

were performed with Rame-Hart Standard Goniometer by recording the contact angle of liquid on 

substrates in the sessile drop geometry. Contact angle measurements were performed on substrates 

with unknown surface energies by using probing liquids of various molecular structures, 

intermolecular forces and surface energies. Based on the equation 𝑐𝑜𝑠𝜃 = −1 + 2√
𝛾𝑆𝑉

𝛾𝐿𝑉
[1 −

𝛽(𝛾𝐿𝑉 − 𝛾𝑆𝑉)2] with known contact angle cosθ and known probing liquid interfacial free energy 

γLV,34 the unknown γSV of the substrate and the fitting parameter β were obtained by least square 

analysis. All surfaces were determined to be chemically inert to employed probing liquids, 

atomically smooth and chemically homogenous based on AFM measurements. Interfacial free 

energies of chloroform and 5 mg/ml DPP2T-TT in chloroform was measured by pendant drop 

measurements. Because the shape of the pendant drops was only dependent on gravitational force 

and interfacial free energy of the liquid γLV, γLV can be obtained utilizing Young-Laplace equation 

∆𝑃 = 𝛾𝐿𝑉(
1

𝑅1
+

1

𝑅2
) as proposed by Stauffer.41 During pendant drop measurements, DROPimage 

Advance software recorded the shape of the pendent drops and calculated surface tension of the 

liquid, which were chloroform and DPP2T-TT solution for this study. Interfacial free energies of 

the ODTS – DPP2T-TT interface, ODTS – solution interface and DPP2T-TT – solution interface 

were calculated using the equation 𝛾𝐴𝐵 = 𝛾𝐴 + 𝛾𝐵 − 2√𝛾𝐴𝛾𝐵[1 − 𝛽(𝛾𝐴 − 𝛾𝐵)2], with known γ 

and β from above measurements.34 

Equations 1-4 are based on two assumptions. The 1st assumption is instant slipping, where the 

slipping time of the meniscus is considered negligible. Therefore, the blade and the contact line 
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pinned at the blade are assumed stationary, simplifying comparison of the drag length d at Gmax 

and Gmin. The 2nd assumption is that one undulation/stripe is fully formed before slipping. This 

assumption is based on the symmetric-shaped undulation and stripes from atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) shown in Figure S6. The meniscus 

is assumed to be pinned at the apex of the undulation/stripe because the maximum pinning force 

occurs at this point with a maximum contact area between the meniscus and the deposit in the 

direction of contact line movement. In order to form symmetric-shaped deposit, polymer 

deposition is expected to start behind the meniscus near the contact line during pinning. With the 

two major assumptions, the system surface free energy model describing the front meniscus 

slipping during meniscus-guided coating is used in the energy calculation in the following sections. 

 

Supporting Information 

GIWAXS analysis of π-π stacking and lamellar stacking peaks; charge transport anisotropy; 

AFM and SEM images of film and stripe morphologies; film and stripe dimensions from AFM; 

surface energy results; high speed video processing details and results. 
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