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Processed Organic Semiconductor Thin Films 

Ying Diao,a,b Leo Shaw,a Zhenan Bao,*a and Stefan C. B. Mannsfeld*b 

 While the chemical structure of organic semiconductors has an obvious effect on their 

proclivity for charge transport, the ways in which they are processed have a dramatic effect on 

the performance of plastic electronics devices incorporating them. In some cases, 

morphological defects and misalignment of crystalline grains can completely obscure the 

materials’ intrinsic charge transport properties. Although some deposition methods, especially 

vapor-phase ones, can produce single crystals and thus avoid some of these problems, it is 

desirable to gain a fundamental understanding of how to improve charge transport when using 

solution-phase deposition techniques.  In this review, we present both a survey of solution-

based processing techniques for plastic electronics relevant on both the commercial and 

research scale and a set of strategies to control thin film morphology towards enhancing their 

electronic transport properties. 

 

1. Introduction 

 Although many of the pioneering studies in the physics of 

organic semiconductors (OSCs) relied on vapor-grown crystals, 

there has been a significant interest recently in solution-based 

deposition techniques. While some of the highest charge carrier 

mobilities in OSCs have been observed in single crystals 

obtained by vapor-phase deposition, the performance of devices 

incorporating solution-grown OSC thin films and single 

crystals have improved dramatically in the past few years. Even 

though new synthetic routes and design principles have been 

used to create novel semiconductor molecules, the 

improvements to device performance largely follow from the 

elucidation of the role of morphology and alignment in the 

charge transport efficiency of thin films. Indeed, such 

knowledge has cast a light on the importance of a 

comprehensive understanding of the physical principles 

underlying various processing mechanisms. An appreciation for 

fundamental studies along these lines can give us insight into 

how to control various aspects of these solution deposition 

techniques to achieve the desired performance of organic 

electronic devices.  

 The goal of this review is twofold: (1) to survey and 

introduce a variety of solution-based deposition techniques 

commonly used in the industry and in research on organic 

electronics, and (2) to identify strategies used to tune the 

alignment and morphology of OSC thin films. It is our hope 

that the methods described here can inspire both the application 

of these methodologies to other processing techniques and the 

development of new approaches for controlling these 

properties.  

 
2. Solution-Based Processing Techniques 

 In this section, we will introduce and describe an array of 

processing methods that use organic semiconductor solutions. 

The variety and diversity of techniques attests to the versatility 

of solution-phase deposition, and we attempt to give a 

representative sampling of exemplary methods discussed in the 

literature. 

2.1 Dropcasting  

 A facile quasi-equilibrium process, dropcasting involves the 

casting of an OSC solution and the subsequent evaporation of 

the solvent to precipitate and deposit either individual crystals 

or a thin film. For OSCs with strong self-organizing behavior, 

single crystals can be obtained directly from dropcasting or 

from another recrystallization process. In the latter, a multistep 

process would consist of suspending the crystals in a 

nonsolvent and casting them again on a target substrate. One-

step processes are also possible and would comprise the direct 

formation of crystals or thin films by one dropcasting event. A 

variety of modifications have been developed to enhance the 

quality of deposited crystals and thin films. For example, 

vibration-assisted crystallization – where the dropcast solution 

is exposed to unidirectional sound waves (~100 Hz) during 

evaporation – was found to enhance crystal quality and device 

performance.1 In other cases, control of solvent evaporation 

was achieved by using mixed solvents, azeotropic mixtures,2 
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sealed chambers,3, 4 saturated solvent environments,5 inert gas 

purging,6 surface treatments.7  

2.1.1 Droplet pinning. A major category of modified 

dropcasting methods is droplet pinning. A solid structure, often 

a piece of silicon or plastic, is used to pin a solution droplet so 

there is steady contraction of the three-phase contact line. In the 

case of dropcasting without a pinner, the solution droplet is free 

to move about the substrate, and the recession of the contact 

line is irregular, leading to unsteady, nonuniform deposition.8 

At the beginning of solvent evaporation from the droplet, 

nucleation events occur all along the edge of the droplet and 

effectively guide the subsequent growth of (single-crystalline) 

ribbons and needles aligned in the direction of contact line 

recession.9, 10 Because patterning is essentially dictated by the 

position of pinners, large-area deposition of aligned OSC 

crystals has been demonstrated using multiple pinners. There 

are also a few implementations of droplet pinning that involve 

the use of inclined substrates to induce alignment.11-13 So far, 

the pinning of inclined droplets have allowed for thin films to 

be deposited, in contrast to the multiple crystals formed from 

droplet pinning on flat substrates.  

2.2 Spincoating 

 Spincoating is a commonly used solution method to form 

OSC thin films of effectively uniform thickness. The solution is 

dropped onto a substrate, and the substrate is accelerated to a 

high angular velocity to simultaneously spread the liquid and 

evaporate the solvent. The thickness of the wet film is inversely 

related to the spin speed and also depends on the solution 

concentration and viscosity. Spincoating is most often used to 

deposit the active layer, but there has also been research 

looking into the simultaneous, one-step deposition of both the 

semiconductor and the dielectric layer needed for many device 

applications.14 The vertical phase segregation and self-assembly 

of OSC/insulator pairs led to improvements in morphology and 

device performance in several instances.15, 16 

 Modifications of conventional spincoating have been used 

to fabricate high performance devices. Yuan et al. used an “off-

center” method whereby the target substrate was placed 20 to 

40 mm away from the central rotation axis.17 The centrifugal 

force in this modified technique – unlike the case of on-center 

spincoating, where solution is spread radially outward –

facilitated unidirectional alignment of the resulting OSC thin 

film. Because of the kinetic nature of the process and the rapid 

solvent evaporation and film formation, a high performance, 

metastable molecular packing was achieved. 

2.3 Meniscus-Guided Coating 

 Several solution coating techniques use the linear 

translation of either the substrate or the coating tool to induce 

aligned crystallite growth in the deposited thin films. These 

methods involve the evolution of a solution meniscus, which 

acts as an air-liquid interface for solvent evaporation. The 

solution concentrates with the removal of solvent, and once the 

point of supersaturation is reached, the solute precipitates and is 

deposited as thin film. In many of these techniques, alignment 

of the growing OSC thin film is achieved by virtue of the 

inherent directionality of the linear motion guiding the solution. 

2.3.1 Dipcoating. Much like how it sounds, dipcoating involves 

the vertical withdrawal of a substrate dipped in a bath of OSC 

solution. Here, key parameters such as withdrawal velocity and 

substrate/solution temperature influence the development of 

concentration gradients and fluid flow within the meniscus. 

Depending on the solvent evaporation rate and the substrate 

 

Figure 1 - A schematic summary of the solution-based deposition techniques discussed. 
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speed, wet films of varying thicknesses are achievable and can 

produce aligned crystalline domains in the dried films. The free 

(liquid-air) and fixed (liquid-solid) interfaces are also relevant 

boundary conditions when considering the fluid mechanics of 

these systems. Solvent choice is especially important because 

of its effect on the rate of solvent evaporation. Binary 

azeotropic solvent mixtures, for example, have been exploited, 

yielding improvements to both the film morphology and the 

performance of devices incorporating deposited OSC thin 

films.18  

2.3.2 Zone casting. The name of this technique is derived from 

the familiar zone refining (or floating zone) process, which is 

commonly used to create high purity inorganic semiconductor 

single crystals. Zone refining was also shown to be possible for 

organic materials using a heating wire to melt pre-crystallized 

thin films.19 Zone casting, in contrast, involves the deposition 

and evaporation of OSC solution, which flows through a nozzle 

that is passed over a (typically) temperature-controlled 

substrate. The solution is thus continuously fed to the solution 

droplet as it is dragged beneath the nozzle.  

2.3.3 Hollow-pen writing. Also known as “capillary pen 

printing,” this method makes use of the principles behind the 

common ink pen. Just as a normal pen deposits a solution of 

pigments onto paper, hollow pen writing instead uses OSC 

solutions that can be deposited and patterned on a desired 

substrate. Typical implementations of this method rely on 

motorized control to move the vertically mounted pen in all 

three directions. Normal, commercially available ink pens can 

be readily adapted for this process. 

2.3.4 Blading. There are a variety of so-called “blading” 

techniques including doctor blading, bar coating, and knife-

over-edge methods, and the differences between them are often 

vague. A solid substrate – a knife’s edge, for example – is 

passed over a solution reservoir, leaving behind a uniform wet 

layer, after which solvent evaporation is allowed to occur, aided 

or unaided. In some cases, this process is performed manually, 

although many are mechanically controlled. As its name 

suggests, bar coating uses a cylindrical bar that is either 

smooth20 or patterned with grooves or wrapped with wires.21, 22 

A key difference between these blading methods and other 

similar ones is that the entire solution reservoir is typically 

exposed to the ambient during coating. The coating speed is 

generally higher than in other techniques, up to of tens of 

cm/s.23 As a facile way to simply spread a solution over a 

substrate, blading methods have been adapted to roll-to-roll 

processes24, 25 and are amenable to the production of complex, 

multi-layered organic devices.26, 27 

 Edge-casting is similar to other blading techniques in that a 

solution is simply coated over the substrate by the motion of 

solid surface above the droplet. Developed by Soeda et al., this 

method uses a flat, rectangular edge of a coating blade and can 

produce single-crystalline thin films by using slow solvent 

evaporation.28 A blade is moved at speeds on the order of tens 

of micrometers per second while sustaining a solution droplet 

in the gap between the rectangular blade and the substrate, 

which in ref. 28 was chosen to be 200 µm. The rectangular 

solution droplet was continuously fed with fresh solution so 

that the overall volume remained constant. High boiling point 

solvents (180 and 206°C) were used with a moderate substrate 

temperature (80°C) to deposit the films. To our knowledge, this 

technique has not been applied to OSC systems other than the 

ones from the first report, but the ability to form single crystals 

is quite attractive. 

2.3.5 Slot-die Coating. The use of slot dies for coating processes 

is often associated with the extrusion of polymers and paint 

coatings. Very simply, an orifice (the slot) permits the flow of 

material through a shaping device (the die) onto a moving 

substrate below. Slot die coating is heavily used in industry and 

has been adapted to roll-to-roll processes.29 Curtain coating, for 

example, is a slot-die process where an uninterrupted stream of 

liquid material coats continuous substrate sheets, like 

photographic film, or discrete three-dimensional objects, like 

ice cream bars and doughnuts.  

 The combination of slot die schemes with roll-to-roll 

processing has mostly been applied to solar cells30, 31 and light-

emitting diodes32 so far. The processing parameters that affect 

the previously discussed methods like zone casting and 

dipcoating are applicable here as well.  

2.3.6 Solution shearing. Solution shearing is a highly versatile 

coating technique where a movable top shearing blade holds an 

OSC solution droplet above a temperature-controlled 

substrate.33, 34 The blade is moved relative to the substrate at a 

fixed speed, exposing the solution meniscus and allowing for 

solvent evaporation and the deposition of aligned thin films. 

Compared to other blading techniques, the solution droplet is 

covered by the blade so that solvent evaporation is confined to 

only the edges of the droplet. Because of the kinetic nature of 

the method, previously unobserved metastable molecular 

packing motifs – so-called “lattice-strained” crystal structures – 

were successfully formed using this method.35 The potential to 

tune molecular packing is valuable, given that altering the 

intermolecular π-π stacking distance between OSCs can 

dramatically enhance charge transport.36-38 

 A modified solution shearing technique developed by Diao 

et al. recently demonstrated the deposition of organic 

semiconductor single crystals.39 Named “fluid-enhanced crystal 

engineering”, or short FLUENCE, the method introduced two 

features to rationally control solute nucleation and crystal 

growth during deposition: (1) a shearing blade patterned with 

pillars to induce mixing within the sheared solution droplet and 

(2) a selectively wetting substrate with specially designed 

shapes. In the latter, the coffee-ring effect40 was used to induce 

nucleation, after which growing crystallites were filtered out so 

that only one could continue to grow. Mixing within the 

solution droplet served to reduce the mass transport limitations 

during crystallization. 
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2.4 Printing 

 The term “printing” is somewhat loosely defined, and while 

some may use the word to refer to a very specific type of 

deposition process, for the purposes of this review we 

categorize printing processes as those that are amenable to 

large-area deposition with spatial deposition control and do not 

primarily rely on meniscus-driven coating. 

2.4.1 Brush painting. Much like hollow pen writing, brush 

painting draws inspiration from the common usage and 

applications of brushes to paint or coat solutions or suspensions 

of pigments. A typical brush is simply dipped into an OSC 

solution and brushed across the target substrate to coat the 

surface. In the deposition of polymer OSCs, it was found that 

compared to spincoating, brush painting enhanced the 

alignment of the polymer chains, suggesting that the presence 

of two liquid-solid interfaces – the solution/substrate and the 

solution/brush – allowed for the effective exertion of shear 

stress throughout the polymer solution.41, 42 This contrasts with 

spincoating as well as other meniscus-based methods, where 

the exposed solution surface is a free interface.  

2.4.2 Stamping. The use of polymer stamps for the deposition of 

OSC thin films has been studied and implemented in a variety 

of contexts. Stamps made of elastomeric poly(dimethylsilox-

ane) (PDMS) and fluoropolymers have been used to either 

facilitate solvent evaporation (through absorption into the 

stamp)43 or reduce it,44 respectively. Because polymer molds 

can be patterned during their fabrication, features can be 

designed, in turn, to pattern OSC thin films. Sometimes referred 

to as lithographic processes, OSC solutions are spatially 

confined under45, 46 or between47 protrusions to simultaneously 

facilitate patterning and controlled solvent evaporation. In some 

reports, plastic pillar arrays were used,11 and patterned silicon 

molds have been shown to align conjugated polymers.48 

2.4.3 Inkjet printing. Inkjet printing is a mature research area 

and has many commercial and scientific applications. It 

involves the ejection of a jet of ink from a chamber via a 

piezoelectric or thermal process and the deposition of the so-

formed droplet onto a desired substrate. Parameters such as ink 

viscosity, ink surface tension, and substrate surface energy are 

crucial for the effective ejection and deposition of droplets, and 

a delicate balance among processing parameters must be struck 

so that fluid momentum transfer and droplet spreading are 

precisely controlled.49, 50 After contacting the substrate, droplets 

are then allowed to dry like in normal dropcasting methods. 

The printing of polymer solutions, for example, to form 

precisely patterned arrays is relatively complex, requiring an 

understanding of the fluid flow involved.51 In many cases, 

inhomogeneities in the dried OSC films arise from differential 

solvent evaporation or surface tension gradients in mixed 

solvent systems. Despite some of these complexities, precise 

control of these variables have allowed for the deposition of 

high-performing OSC films.52-54 

2.4.4 Spray coating. Similar to inkjet printing, spray coating 

deposition operates by ejection of solution droplets from a 

nozzle. However, in the latter, the small droplets formed by 

aerosolization with an inert carrier gas to coat a substrate. For 

this method, the spray nozzle shape and size, the atomizing gas 

pressure, and key solution properties like surface tension and 

viscosity are highly relevant processing parameters in addition 

to typical ones like temperature and concentration.55 Solution 

droplets typically hit the substrate and dry rapidly, or in some 

cases, they form very thin, contiguous wet films. Spray coating 

setups can be controlled either manually or digitally with 

motorized manipulators. Standard spray coating methods have 

been used to fabricate organic solar cells56 and photodiodes, 

among others.57 

 Several variations of the basic spray coating technique have 

been used for organic electronics applications. For example, 

multiple spray nozzles have been used in sequence to deposit 

different OSCs in a layer-by-layer fashion.58 Bulk 

heterojunction organic solar cells59 and LEDs60 have been 

fabricated using an evaporative spray technique, whereby very 

dilute solutions are first aerosolized into a heated chamber and 

then funnelled through a nozzle into a second chamber 

containing the target substrate.61 Ultrasonic spray nozzles have 

been used to atomize solutions to droplets on the scale of 

micrometers, as well as to prevent solution clogging within the 

nozzle.62-64 Lastly, electrospray deposition, where electricity is 

used to atomize the solution, was shown to effective for the 

selective deposition of organic materials on metal surfaces.65 

 

 
3. Morphology Control Strategies for Solution Processing 

As summarized in the previous section, recent years have 

witnessed rapid progress in the development of solution 

processing methods towards achieving the vision of low-cost, 

high-throughput, large-area fabrication of organic electronics. 

A key challenge in the area of solution-processed organic 

electronics lies in the precise control of thin film morphology 

during solution deposition. The critical role of thin film 

morphology in charge transport has been detailed in recent 

reviews.66-70 

There has been a long-held perception that most OSCs, when 

solution deposited, exhibit lower charge carrier mobilities than 

their vapor-deposited single crystal forms. In the last few years, 

such a perception has been frequently challenged by the rapid 

development in morphology control methods during solution 

processing, such as in the case of 6,13-

bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene)71-73 

and dioctylbenzothienobenzothiophene (C8-BTBT)17, 53. 

Thanks to the unique characteristics of solution processing 

methods, new avenues have been explored for controlling thin 

film morphology, that are not easily implemented during vapor 

deposition, if at all possible. These new strategies include, but 

are not limited to, controlling the fluid flow72, 74, tuning the 

solvent composition by addition of an antisolvent or soluble 
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additives2, 53, 75, controlling evaporation rate using asymmetric 

patterns7, 53, contact line engineering72, alignment control via 

meniscus guide46, 76 etc. These recently developed morphology 

control strategies will be discussed in the following sections, 

pertaining to solution-processed organic field effect transistors. 

The discussion will focus on three aspects: control of 

nucleation, crystal growth and domain alignment, with special 

emphasis on methods that exploit the unique characteristics of 

solution processing. 

3.1 Control of nucleation 

Crystallization of OSCs is comprised of two steps, nucleation and 

crystal growth. Nucleation involves overcoming of a free energy 

barrier and is intrinsically stochastic.77, 78 Such characteristic of 

nucleation often leads to random distribution of domain boundaries 

and domain sizes. This issue is not unique to solution processing and 

is also observed during vapor deposition. It is particularly important 

to control nucleation for the fabrication of single crystal arrays. Thus 

far, there have been relatively few methods reported on the control 

of OSC nucleation from solution, as summarized below. 

3.1.1 Solution volume asymmetry. The key to controlling 

nucleation lies with the control over solvent evaporation, which 

provides the driving force for nucleation during the coating process. 

One effective approach is to use asymmetric surface patterns to 

define asymmetric solution volumes. The region with lower solution 

volume serves as the nucleation control region due to faster solvent 

evaporation, and therefore faster rate of supersaturation generation.  

Recently, Goto et al7 reported large single crystal arrays formed by 

inducing nucleation at patterned small solution volume regions 

where solvent evaporation was faster (Fig 2 a-d). The faster solvent 

evaporation rate in the nucleation control region was verified using 

computational fluid dynamic simulations. Using this method 

combined with controlling the solvent vapor pressure during growth, 

the authors fabricated single-crystal arrays of 3,9-bis(4-ethylphenyl)-

peri-xanthenoxanthene (C2Ph-PXX). In addition, the authors 

demonstrated that preferred crystal orientation could be partially 

induced by narrowing the width of the nucleation control region 

from 10 µm to 5 µm. Minemawari et al.53 developed a method for 

controlling nucleation during double-shot ink-jet printing of C8-

BTBT single crystals. In this method, asymmetric patterns were also 

employed to induce nucleation where the solution volume was lower 

(Fig 2 e-f). When such patterns were employed, the crystal 

morphology was drastically improved, with a single-crystal yield of 

approximately 50%. In comparison, only polycrystalline patterns 

were obtained using simply rectangular shaped patterns of various 

aspect ratios, wherein nucleation primarily occurred from the edges. 

3.1.2 Contact line curvature. Another approach to control solvent 

evaporation is tuning of the contact line curvature.  Inspired by the 

mechanism behind the coffee ring effect,40 we recently introduced a 

new strategy for controlling nucleation using this method using 

solution shearing as the platform, whereby nucleation is anchored at 

spots where the curvature of the contact line is the highest (Fig 3). In 

this method, the shape of the contact line was modulated by 

patterning the substrate with solvent-wetting and dewetting regions. 

The initial parts of the wetting regions are shaped as triangles. As the 

meniscus passes, the contact line is temporarily pinned at the 

boundary of the triangles, until nucleation occurs at the sharp tips. 

The triangular design is also beneficial in that it defines a wedge 

shaped meniscus that funnels the convective supply of solute 

towards the tip, which facilitates nucleation anchoring by lowering 

the nucleation induction time. In addition, the triangles are designed 

to be asymmetric to eliminate twin boundary formation. Following 

the triangles is a series of very narrow regions in the pattern whose 

purpose is to arrest the growth of undesired crystallites, which are 

otherwise difficult to eliminate simply by nucleation control given 

the stochastic nature of nucleation. When combined with crystal 

growth control, this method enabled high probability of single-

crystalline domains (>90% with 200 µm wide patterns, Fig 3c) for 

the OSCs tested (TIPS-pentacene and 4T-TMS). This method is 

expected to be applicable to other deposition processes other than 

solution shearing, given the generality of curvature-modulated 

solvent evaporation. One drawback of this method is the relatively 

long ‘runway’ before the single-crystal growth ‘takes off’, which 

may limit the its use in fine-detail patterning. 

3.1.3 Nucleation inducing agents. In addition to tuning the solvent 

evaporate rate by designing substrate patterns, nucleation can also be 

controlled using soluble additives. Such approach has been utilized 

to enable systematic studies for understanding the impact of domain 

sizes on charge transport in solvent-vapor annealed TES-ADT thin 

films.2 The understanding of how additives impact nucleation also 

has implications on dopant design,79 whereby dopant molecules 

come into play as soluble additives during film morphology 

evolution.73 However, the role of dopant ‘additives’ on morphology 

of solution processed OTFT remains to be further explored.  

Figure 2. Nucleation controlled by solution volume asymmetry. 

Example 1 (A-D). A) Solubility diagram corresponding to B. B) 

Schematic showing that nucleation occurs where solution volume 

is much lower. C) Optical microscopy image of the resulting single 

crystals of C2Ph-PXX under cross-polarizers. D) Calculation results 

of solution droplet shape. Example 2 (E-F). Comparison of ink-jet 

printed C8-BTBT thin film morphology with (E) and without (F) 

nucleation control region. Images are adapted with permission 

from ref. 53 (© 2011 Nature Publishing Group) and ref 7 (© 2012 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 
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Recently, two ‘inert’ additives (DMDBS, BTA; Fig 4a), 

originally designed for melt solidification of isotactic 

polypropylene (i-PP), were shown to effectively induce 

nucleation of a diverse set of OSCs by Stingelin, Chabinyc and 

coworkers.75 These two electrically insulating compounds 

initially dissolve at the molecular level in the molten polymer 

or solution, and, on cooling or solvent removal, form well-

dispersed, nanoscopic surfaces for heterogeneous nucleation of 

the host material. 

The authors found that the presence of the additive DMDBS in 

polymer P3DDT led to an increase of up to 50% in carrier yield 

compared with the neat polymer (Fig 4a), which is attributed to 

the creation of a larger interfacial area between crystalline and 

amorphous domains through heterogeneous nucleation. A 

minute amount of DMDBS also reduced the domain sizes of 

annealed PCBM, without adversely affecting the electron 

mobility. This effect was further explored as a patterning 

method by controlled deposition of the additive. With the 

nucleation agents, the authors also improved the device yield of 

bottom-contact TIPS-pentacene devices fabricated via ink-jet 

printing. The dielectric surface was functionalized with 

octadecyltrichlorosilane, a self-assembled monolayer shown 

extensively to improve charge transport in vapor deposited 

active layers.80 However, its low surface tension leads to 

dewetting of most organic solvents. Upon addition of DMDBS, 

the area coverage of TIPS-pentacene film greatly improved (Fig 

4c), whereas without the nucleation agent, the crystallization 

preferentially occurred on Au electrode. The yield of bottom 

contact transistor devices was therefore increased upon addition 

of the nucleating agent DMDBS. The hole mobility of the 

transistors was on the order of 10-2 cm2 V-1 s-1.  

These examples show that enhanced nucleation using additives 

can greatly improve the device area coverage and can 

potentially enable device patterning by placing additives at pre-

defined locations on the substrate. However, the addition of 

nucleation-inducing agents inevitably leads to reduction in 

domain sizes, which is often undesirable for transistor 

applications due to lowered charge carrier mobilities (in cases 

 
 

Figure 4. Nucleation controlled using heterogeneous additives. A) 

time-resolved microwave conductivity (TRMC) measurements of 

yield-mobility product of poly(3-dodecylthiophene) (P3DDT), neat 

(orange squares) and comprising DMDBS (black circles) or BTA 

(blue triangles). B) Transmission optical micrographs of neat PCBM 

(99.5% electronic grade) drop cast at room temperature from 

chlorobenzene (left), with 0.1 wt% DMDBS (middle), and 

subsequently annealed at 180°C. C) Crossed-polarized optical 

micrographs (height: 660 μm and width: 820 μm) of an inkjet 

printed drop onto an OFET substrate with a dielectric treated with 

octadecyltrichlorosilane (OTS): ink comprising no nucleation agent 

(left); ink comprising a minute amount of DMDBS (right). Figures 

are adapted with permission from ref. 75 (© 2013 Nature 

Publishing Group). 

 
Figure 3. Nucleation controlled by tuning the contact line curvature. A) Dependence of coffee ring thickness on contact line curvature. B) 

Schematic of FLUENCE (Fluid-enhanced crystal engineering) incorporated in solution shearing, wherein this nucleation control concept is 

implemented. C) Design of wetting/dewetting zones for nucleation control (left) and the resulting morphology of FLUENCE-printed TIPS-

pentacene thin films (right). The lower panel compares morphology obtained with and without nucleation control. The upper panel shows 

highly aligned single-crystalline domains obtained using FLUENCE, which extinguish cross-polarized light at once. All optical images were 

obtained under crossed polarized light. Images are adapted with permission from ref. 40 (© 1997 Nature Publishing Group) and ref. 72 (© 

2013 Nature Publishing Group). 
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where domain boundaries are rate-limiting, especially in the 

case of high-angle domain boundaries81. Nonetheless, the 

reduction in domain size may prove beneficial to organic 

photovoltaic applications in some cases.  

Other methods towards achieving nucleation control in vapor 

deposition or melt processing methods include the use of 

pattern rough surfaces82, 83, the use of Chevron shaped patterns 

for controlling silicon nucleation from its melt during laser 

annealing84, etc. Nonetheless, there is very limited number of 

approaches developed for controlling nucleation of OSCs, 

largely due to the challenge of attempting to control an 

intrinsically stochastic process. 

3.2 Control of crystal growth 

Crystal growth control impacts the level of 

crystallinity/structural perfection, domain size distributions, 

substrate coverage, OSC-dielectric interface quality, etc, all of 

which are key to controlling the charge carrier mobility. In the 

following we highlight three recently developed strategies for 

controlling crystal growth, by novel design of antisolvent 

crystallization, a new concept of flow-assisted crystallization, 

and solvent vapor annealing. These methods are designed to 

facilitate growth of large, highly crystalline domains by 

enhancing the molecular mobility or eliminating mass transport 

limitations with the help of soft interfaces, fluid flow, or solvent 

vapor. 

3.2.1 Antisolvent crystallization. Antisolvent crystallization is 

widely utilized in the crystallization of pharmaceutical 

ingredients as an excellent method for achieving controlled and 

scalable solidification. Hasegawa and coworkers have applied 

this method on the ink-jetting printing platform for fabrication 

of C8-BTBT single crystal arrays (Fig 5).53 In this method, an 

‘antisolvent’ (a liquid in which a substance is insoluble) is 

added to the solution of the substance in a solvent that is 

miscible with the antisolvent. During ink-jet printing, a drop of 

antisolvent was deposited on a pre-defined area followed by a 

drop of semiconductor solution. As the antisolvent diffuses into 

the ink solution, crystallization starts at the solution-air 

interface, as tiny floating bodies. These mini crystals eventually 

cover the entire surface the droplet. The solvent then evaporates 

very slowly, during which time, the creases in the films become 

smoothed out, resulting in a film adhered tightly to the 

substrate. The last process of slow solvent evaporation 

underneath the floating crystal is akin to the solvent vapor 

annealing process for increasing the domain size and healing 

the crystal defects. The control of crystal growth, combined 

with controlled nucleation, led to record high hole mobility (at 

the time of publication) of top contact top gate devices, the 

highest of which exceeded 30 cm2 V-1 s-1. 

 

Figure 5. Crystal growth control via antisolvent crystallization. a, Schematic of the process. Antisolvent ink (A) is first inkjet-printed (step 

1), and then solution ink (B) is overprinted sequentially to form intermixed droplets confined to a predefined area (step 2). 

Semiconducting thin films grow at liquid–air interfaces of the droplet (step 3), before the solvent fully evaporates (step 4). b, 

Micrographs of a 20 x 7 array of inkjet-printed C8-BTBT single-crystal thin films. Figures are adapted with permission from ref. 53 (© 2011 

Nature Publishing Group). 
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3.2.2 Flow-assisted crystallization. Crystal growth defects are 

commonly observed during rapid solution coating85, 86. Mass 

transport limitations during the coating process often leads to 

void formation and dendritic growth, both of which hinder 

efficient charge transport due to charge carrier trapping at the 

prevalent grain boundaries. To address this issue, we developed 

a technique that involves patterning of the coating blade with 

micropillars to enhance mass transport by re-directing the fluid 

flow (Fig 6).72 With the insight from fluid dynamic simulations, 

we designed the following patterns. The pillar spacing (period) 

is sub-100 microns to match the typical domain size in the 

reference film prepared without using micropillars. The cross-

section of the micropillars is crescent-shaped, arching against 

the flow direction to encourage flow separation from the 

surface of the micropillars. This design is intended for 

generating recirculation behind the pillars. The narrow pillar 

spacing is designed to induce rapid flow expansion following 

acceleration through the gap, so as to facilitate mass transport 

in direction transverse to the coating direction where diffusive 

mass transport dominates. This method was implemented on 

the solution shearing platform. The use of micropillar-patterned 

shearing blades significantly improved the thin-film 

morphology of TIPS-pentacene and 4T-TMS. The TIPS-

pentacene domain size increased from micron-size to as large 

as millimeter size, and the dendritc growth was eliminated in 

both cases. Furthermore, the in-plane coherence lengths of the 

crystal increased significantly, indicating higher degree of 

structural perfection. The highest coherence length attained 

even matched with that of the vapor-deposited rubrene crystal. 

These structural features, together with controlled nucleation 

and optimized molecular packing boosted the hole mobility of 

TIPS-pentacene to higher than 10 cm2 V-1 s-1, the highest 

reported so far for this extensively studied material.  

In addition to directing the fluid flow using structured printing 

blades, another elegant approach has been developed by Cho 

and coworkers wherein Maragoni flow was induced using 

mixed solvents to overcome the coffee ring effect frequently 

observed during inkjet printing.74 Marangoni flow is a type of 

flow caused by the surface tension gradient, and the direction of 

the flow points towards higher surface tension regions. The 

Figure 6. Crystal growth controlled using micropillar arrays. a, Schematic of solution shearing using a micropillar-patterned blade. For 

clarity, the micropillars are not drawn to scale. The arrow indicates the shearing direction. b, A scanning electron micrograph of a 

micropillar-patterned blade. Inset, top view of the micropillars under an optical microscope. The pillars are 35 μm wide and 42 μm high. 

c, Streamline representation of simulated fluid flow around the micropillars. The arrow indicates the flow direction. The streamlines are 

colour coded to indicate the scale of velocity (mm/s), ranging from 0 (deep blue) to 1.3mm/s (dark red). d–f, Cross-polarized optical 

micrograph of a TIPS-pentacene film coated from its mesitylene solution with (d, right; f) and without micropillars (d, left; e), at a 

shearing speed of 0.6mm/s. g, Comparison of TIPS-pentacene coherence length with and without nucleation and crystal growth control 

along both parallel and perpendicular to shearing direction. h-i, Comparison of 4T-TMS film morphology with and without using 

micropillar patterned blade. Figures are adapted with permission from ref. 72 (© 2013 Nature Publishing Group). 
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convective flow that transports the solute to the contact line can 

be counterbalanced or enhanced, depending on the direction of 

the Marangoni flow. When adding a co-solvent of higher 

boiling point and lower surface tension, a Marangoni flow with 

a direction opposite that of the convective flow can be induced. 

On the other hand, the Marangoni flow can also enhance the 

convective flow if a low boiling point solvent with high surface 

tension is added as the minor component. Based on this 

strategy, the evaporation-induced flow in droplets can be 

controlled by varying the composition of the solvent mixture. 

The authors demonstrated this concept during ink-jet printing of 

TIPS-pentacene using chlorobenzene as a major solvent. When 

adding 25v% hexane (with lower boiling point and lower 

surface tension than the major solvent) as a minor solvent, the 

coffee-ring effect was found enhanced due to increased outward 

convective flow. When adding 25v% dodecane (with higher 

boiling point and lower surface tension than the major solvent), 

the coffee-ring effect was significantly reduced instead, thanks 

to the inward Marangoni flow (Fig 7). Using this approach, 

both the film uniformity and the out-of-plane alignment were 

markedly improved, resulting in improved charge carrier 

mobility from 1.18 × 10-3 (hexane) to 0.12 cm2 V-1 s-1 

(dodecane). Although currently only demonstrated with ink-jet 

printing, this approach may be educational to other printing 

methods for alleviating meniscus pinning which causes uneven 

film morphology at times. 

3.2.3 Solvent vapor annealing. The solvent vapor annealing 

method, first applied to organic semiconductors by Bulovic and 

coworkers for growing tris(8-hydroxyquinoline)aluminum (Alq3) 

crystals,87 is a simple yet powerful post-processing technique for 

drastically improving film morphology, and even for obtaining 

single crystals following vapor deposition or spin coating. Using this 

method, spin-coated amorphous films of triethylsilylethynyl 

anthradithiophene (TES-ADT) was transformed into polycrystalline 

films with domain sizes of several hundred microns.88 As a result, 

the hole mobility in bottom contact bottom gate devices increased by 

two orders of magnitude to 0.1 cm2 V-1 s-1. Solvent selection was 

found to be critical in this method, which influences both the 

partitioning of solvent molecules in the active layer and the proper 

substrate wetting during vapor annealing.88 In addition, substrates 

were also found to play an important role in controlling crystal 

growth.89, 90 Crystal size and morphology of C8-BTBT was 

improved when the film was solvent vapor annealed on poly(methyl 

 

Figure 7. Crystal growth controlled by inducing Maragoni flow. 

Optical microscope (OM) and polarized images of ink-jet-printed 

TIPS_PEN droplets with various solvent compositions: mixed-

solvents containing chlorobenzene and 25 vol % A) hexane and 

B) dodecane (scale bar = 50 μm). Schematic diagrams of the 

evaporation-induced flow in a droplet during drying for various 

solvent compositions are shown under the corresponding 

images, where the arrows indicate the evaporation of solvent 

(blue), the outward convective flow (black), and the Marangoni 

flow (red). Images  are adapted with permission from ref. 74 (© 

2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 

 

 
Figure 8. Aligned crystal arrays using static meniscus guide. A) An organic semiconductor droplet pinned by a silicon wafer. As the solvent 

evaporates slowly, the crystals of the organic semiconductors nucleate near the contact line of the droplet. Subsequently, the nuclei 

grow along the receding direction (toward the center) of the droplet. Optical microscopy images showing C60 crystals between source 

and drain electrodes. B) Methods of fabricating the crystallized high-mobility C10–DNTT films on substrates using tilted stamps and 

resulting film morphology. Images are adapted with permission from ref 46 (© 2012 American Chemical Society) and ref. 76 (©2011 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 
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methacrylate) (PMMA) substrate, but not on SiO2 substrates.90 

When the vertically phase-separated film of C8-BTBT/PMMA was 

prepared in one step during spin coating, subsequent vapor annealing 

yielded even larger C8-BTBT single crystals, and correspondingly, 

the hole mobility measured in top contact and bottom gate geometry 

reached as high as 9 cm2 V-1 s-1. However, the alignment of C8-

BTBT single crystals remains random this method, yielding a wide 

distribution of charge carrier mobilities. Recently, Loo and 

coworkers have elegantly shown that by tuning the surface energy of 

the substrates, crystal growth in as-spun TES-ADT films during 

vapor annealing can be directed along pre-specified paths over 

arbitrarily large areas, and therefore controlling the grain orientation 

and achieving patterning during solvent vapor annealing.89 To shed 

light on the solvent vapor annealing process, in-situ techniques based 

on quartz crystal microbalance with dissipation (QCM-D) and 

grazing incidence X-ray diffraction have recently been developed to 

monitor both solvent mass uptake and changes in the mechanical 

rigidity of the film during solvent vapor annealing of spin-cast films 

of TIPS-Pentacene.91 Through this study, the important role of 

solvent vapor pressure on the final film morphology and device 

performance was elucidated.   

Other methods for controlling crystal growth of solution-processed 

organic semiconductors include templated growth using thiol-

functionalized electrodes to increase crystalline grain sizes92, 

epitaxial growth of polymer films templated by solidified solvent 

crystals from undercooled solution93-95, enhanced film morphology, 

crystallinity or interface quality using external fields (ultrasound96, 

electric field97, vibration98), etc. 

3.3 Control of in-plane alignment 

The impact of in-plane alignment of crystalline domains on 

charge carrier mobility has been fully demonstrated by studies 

on charge transport anisotropy. Within a single-crystalline 

domain, the mobility anisotropy is frequently on the order of 1-

10.102-105 Across a polycrystalline film, the mobility anisotropy 

can range from a few times to several orders of magnitude 

depending on the nature of grain boundaries.81, 86, 93, 106 Such 

sensitivity of charge transport to in-plane crystal orientation 

highlights the importance of controlling domain alignment. 

Over the past decade, many techniques have been developed to 

achieve in-plane alignment.68, 70 This review will mainly focus 

on alignment methods newly developed within the past five 

years, which took advantage of the unique characteristics of 

solution processing, such as molecular assembly in a moving 

meniscus and under a flow field. 

3.3.1 Alignment using meniscus guide. The meniscus, in particular, 

the solution-substrate-vapor triple phase contact line is where a 

dynamic molecular assembly process takes place in the majority of 

the solution processing methods (when film deposition occurs in the 

evaporation regime107). By guiding the meniscus in a particular 

direction, alignment of crystalline domains has been achieved using 

a variety of methods (Figures 8, 9). As diverse as these methods may 

appear, the mechanisms of achieving film alignment are similar in 

that the direction of the convective flow towards the meniscus front 

is guided using static or moving surfaces. The underlying force 

directing the meniscus motion can be attributed to the capillary 

force. 

Figure 8 highlights two methods in which static meniscus 

guides were employed during solvent evaporation: drop-pinned 

crystallization76 and edge casting46. In the first method, the drop 

is pinned using a small piece of silicon wafer. The authors also 

pointed out another important requirement for achieving 

alignment, which is a high nuclei density (i.e., high solution 

concentration). Using this method, the authors have fabricated a 

variety of organic thin film transistors and invertors and 

demonstrated high charge carrier mobilities enabled by 

improved alignment and crystal-dielectric interface10, 76. 

Figure 9. Aligned crystal arrays using moving meniscus guide. a-

b, schematic of zone casting and the resulting film morphology 

of dodecyl-substituted HBC derivative (HBC-C12).
99

 c-d, schematic 

of solution shearing and the resulting film morphology of TIPS-

pentacene. 
33, 71

 e, schematic of hollow pen writing and the twin 

domains of TIPS-pentacene as a result.
86

  f, schematic of slot-die 

coating and the AFM image of the film with molecular structure 

superimposed.
101

 Images adapted with permission from ref. 99 

(© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim), ref. 3 

(© 2011 Nature Publishing Group), ref. 86 (© 2012 AIP 

Publishing LLC) and ref. 101 (© 2013 WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim). 
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Particularly, aligned C60 single-crystal arrays prepared using 

this method yielded unprecedented electron mobilities as high 

as 11 cm2 V−1 s−1. In the method of edge casting, the meniscus 

is guided using inclined surfaces that cover the drop during 

solvent evaporation (Figure 8b). Using this method, the authors 

demonstrated aligned crystal arrays of 2,9-alkyl-dinaphtho[2,3-

b:2’,3’-f ]thieno[3,2-b]thiophene (C10-DNTT) with highest 

hole mobility exceeding 10 cm2 V-1 s-1. Both methods offer  

additional advantages besides alignment, such as patterned 

deposition over large area and the ability to handle low 

solubility organic semiconductors. 

In recent years, a number of industry-compatible, large-area 

solution coating techniques (Figure 9) have been developed for 

fabrication of aligned organic semiconductor thin films (mostly 

polycrystalline), such as zone casting99, solution shearing33, 71-

73, hollow-pen writing86, 100 and slot-die coating101, which we 

have surveyed in section 1. A common feature of these methods 

is that the meniscus is guided by a moving surface, which can 

be provided by an ink-feeding head in some cases. One major 

advantage of moving meniscus guides as compared to static 

ones lies with the wide tunability of coating/printing speeds,  

which offers accessibility to a range of morphology features, 

from aligned polycrystalline thin films, to spherulite 

formation.71, 100, 108 It also offers accessibility to nonequilibrium 

molecular packing, which was proved beneficial to enhancing 

charge carrier mobilities in the case of TIPS-pentacene71, 72. In 

fact, roll-to-roll printing methods frequently employ moving 

meniscus guides as well25, 31, and in those cases the 

fundamental molecular assembly processes are similar to those 

in the methods mentioned above. 

3.3.2. Alignment using non-contact forces. In addition to using 

static or moving meniscus guide, film alignment has also been 

achieved using non-contact, built-in forces specific to each 

solution processing method. These forces include gravitational 

force during dip-coating85, 106 and dropcasting on tilted 

substrates109, 110, drag force exerted by gas flow during drop 

casting6 etc. Use of other external forces not unique to solution 

processing is covered elsewhere.70  

Recently, Bao, Huang and coworkers described the growth of 

highly aligned C8-BTBT from a blended solution of C8-

BTBT and polystyrene using an off-center spin-coating 

method.17 In this method, the film alignment was achieved by 

guiding the meniscus motion using centrifugal force by placing 

the substrate in an off-center position (Fig 10). The resulting 

C8-BTBT film was highly aligned, and exhibited a metastable 

crystal packing. These morphological features combined with 

improved dielectric interface attained via vertical phase 

separation led to an ultrahigh hole mobility up to 43 cm2 V-1 

s-1 (25 cm2 V-1 s-1 on average), which is the highest value 

 

Figure 10. Highly aligned meta-stable C8-BTBT:PS film fabricated by off-center spin coating method. (a) Schematic device 

configuration of OTFT with C8-BTBT:PS blends as channel layer, PVP:HDA as dielectric layer and ITO as the gate electrode; the 

chemical structures of C8-BTBT, PS, PVP and HDA are shown. (b) Schematic illustration of the off-center spin coating process, in 

which the substrates are located away from the axis of the spin-coater. (c) Transmission spectrum of the PVP:HDA/C8-BTBT:PS film. 

Inset: photographs of C8-BTBT:PS film and corresponding OTFT device with a structure of glass/ITO/PVP:HDA/C8-BTBT:PS. Image 

adapted with permission from  from ref. 17 (© 2014 Nature Publishing Group). 
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reported to date for all organic molecules. 

3.3.3. Post-formation alignment using flow fields. Another 

method to achieve alignment over a large area is to orient existing 

single crystals carried in the solution using flow field.111-114 The 

crystals aligned in this fashion are often highly anisotropic in their 

shape, such as in the form of microwires. For example, a filtration-

and-transfer (FAT) method was developed, which allows for 

efficient alignment of organic wires with controllable density over a 

large area (Fig 11).115 Briefly, microwires synthesized by the non-

solvent nucleation method are dispersed in a poor solvent such as 

methyl alcohol or ethyl alcohol. Microwires are aligned by fluid 

flow through a mask in a modified, simple vacuum filtration setup. 

Individual single-crystalline PTCDI microwire-OFETs showed 

electron mobilities up to 1.4 cm2/Vs, among the highest solution-

processed n-channel organic semiconducting wire devices at the time 

when this research was conducted, while high-density microwire-

OFETs only exhibited mobilities around 0.14 cm2/Vs.115 Post-

alignment using flow field is a promising method that exploits the 

unique characteristics of solution processing. Similar methods have 

been widely utilized for aligning carbon nanotubes116, 117, single 

macromolecule chains118, 119 etc, whereby inspirations can be drawn 

towards OSC applications. 

Besides in-plane alignment, out-of-plane alignment is desirable 

for both OTFT and OPV applications. The readers are referred 

to recent reviews covering this topic70, 120. 

4. Conclusions and Outlook 

The rapid advancement of thin film solution processing 
methods and morphology control strategies during recent years 
has brought us closer to the bright future promised by organic 
electronics applications. It is clear that choosing the appropriate 
processing method and deposition parameters is at least as 
important as the choice of organic semiconductor material. In 
order to fully exploit the potential of modern solution 
processing methods for organic semiconductors, a thorough 
understanding and control of the complex nucleation and 
crystal growth processes during thin film formation is 
indispensable. During solution processing, the crystal formation 
occurs in a multi-phase environment. Nucleation and crystal 
growth are critically influenced by the pairwise interactions 
between solute, solvent and substrate, by the presence of phase 
boundaries, and by the multi-phase mass and heat transport 
processes. All these parameters jointly determine the 
morphology of organic semiconductor thin films, controlling 
which is key to achieving the desired electronic properties. 
Based on the understanding of these complexities during 
solution processing, strategies have been devised for tuning the 
morphological parameters relevant to device performance 
(grain sizes, grain boundaries, grain orientations, crystallinity, 
etc) by controlling the fluid flow, tuning the solvent 
composition using antisolvent and additives, controlling 
evaporation rate using asymmetric patterns, or engineering the 
triple-phase contact line. Some of these strategies have been utilized 
for fabricating solution processed single crystal arrays over a large 
area, which enabled record-setting charge carrier mobilities.17, 39, 53 
Looking ahead, however, many challenges still remain, such as 
better control of defect densities, controlled formation and 
characterization of high quality OSC-dielectric interfaces, or a 
quantitative understanding of the role of molecular packing on 
electronic properties, morphological evolution in the context of high 
resolution printing where new phenomenon arise at sub-micron 
lengths scales, just to name a few. However, the numerous 
worldwide research efforts today (of which we could only capture a 
few in this review) and the large variety and steadily increasing 
number of reports describing new and innovative solution deposition 
methods for organic (plastic) electronics materials give confidence 

 

Figure 11. Schematic diagram for filtration and transfer (FAT) 

alignment of organic microwires. (A) FAT alignment apparatus 

loaded with the microwire dispersion. A PDMS mask with open-

stripe patterns is placed on a porous AAO membrane. The 

microwire dispersion is filtered by applying vacuum. (B) Microwire 

assemblies reside exclusively inside the stripe patterns of the 

PDMS mask after filtration. The alignment of microwires along the 

stripe patterns is improved substantially as the pressure difference 

across the filter stack is increased. The density of the aligned 

microwires inside a single stripe pattern can be controlled by 

simply changing the concentration of the MW dispersion. (C) AAO 

membrane covered with patterned microwires inside the PDMS 

mask. (D) Illustration for the transfer of the aligned MW patterns 

from an AAO membrane to a desired wafer substrate in aqueous 

medium. Microwires selectively adhere to the OTS-treated SiO2 as 

water diffuses through the pores of the AAO membrane. (E) 

Aligned microwires were transferred onto the wafer. Images 

adapted with permission from  ref. 115 (© 2009 National Academy 

of Sciences, USA). 
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that most of these challenges will be successfully met in the near 
future.  
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