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1. Introduction 

Small-molecule organic semiconductor micro/nanocrystals (SMOSN) have recently aroused 

increasing interests due to their unique properties and prospective applications in high-

performance and low-cost flexible electronic and optoelectronic devices.[1-8] They demonstrate 

many advantages that can complement or rival those of their inorganic semiconductor 

nanocrystals counterpart, such as favorable flexibility, tunability in electronic and optical 

properties,[7,9-13] compatibility with large-area, low-cost and low-temperature solution-

processed methods like coating[4] and printing.[14] In addition, SMOSN also exhibit much better 

device performance than their corresponding amorphous or polycrystalline thin films, because 

highly crystalline SMOSN possess fewer undesirable grain boundaries and lower density of 

defects, which can largely suppress the recombination of the excitons and thus accelerate 

effective charge transport.[15-18] Up to now, various techniques have been developed for the 

growth of SMOSN,[19] including solvent exchange method,[20] evaporation-induced self-
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assembly method,[21] vapor deposition method[6,22] and template method.[23,24] Electronic and 

optoelectronic device applications like photodetectors,[25-28] organic field-effect transistors 

(OFETs),[6,8,14-17,29] and organic light emission diodes,[30] have also been successfully 

demonstrated.  

Despite of all these advantages, the scale-up of SMOSN for practical industrial applications 

is still difficult because the growth orientation and location of SMOSN are usually stochastic 

in nature. Additionally, it has been confirmed that charge anisotropy exists in organic molecular 

crystals,[31,32] which means SMOSN will exhibit different electrical properties at different 

orientations. Thus it is prerequisite for SMOSN to be well-aligned to avoid device-to-device 

variation in performance, which is essential for their practical applications. Large-scale high-

integration industrial applications such as active matrix displays, logic circuits, and sensor 

arrays require excellent device uniformity and reproducibility as well as minimal cross-talk 

between neighboring devices.[33,34] Therefore, SMOSN need to be well patterned at desired 

locations or selectively grown where the electrodes are located.[24,35,36] Overall, the ability of 

large-area alignment and patterning of SMOSN is indispensable for the realization of the 

integrated devices and circuits.[37] The development of alignment and patterning techniques will 

facilitate the practical application of SMOSN and enhance their device performance.[4,38,39]  

Unlike their inorganic and macromolecular counterparts, SMOSN are constituted by weak 

non-covalent bonding interactions like hydrogen bonding, π-π stacking, dipole-dipole 

interactions and van der Waals forces.[40] Thus, they are usually chemically and mechanically 

fragile, resulting in the tendency to be easily damaged at high mechanical strengths, high 

temperatures or in organic solvents. Thus, conventional patterning techniques for inorganic 

materials cannot be simply applied to SMOSN. For example, as a mature and powerful 

patterning technique, photolithography has been widely adopted in current electronic industries 

because of its high reliability, resolution, accuracy, flexibility and capability for wafer-scale 

production.[41-43] However, it is not applicable for SMOSN, because most of the SMOSN cannot 
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tolerant the organic solvents that involved in photolithography processes.[44,45] As such, 

progress in the alignment and patterning of SMOSN is far behind their inorganic counterparts, 

which in turn impeds the development of their practical device applications.  

Recently, great efforts have been devoted to develop strategies for assembling SMOSN into 

highly ordered arrays and desirable patterns at well-defined positions. Solution-processed 

methods including coating, printing and self-assembly based approaches have been reported for 

the fabrication of SMOSN arrays and patterns.[4,14,21,36,46,47] These solution-based techniques 

have obvious advantages, such as convenient for mass production, no requirements for 

expensive apparatus and harsh experimental conditions (high temperature or high vacuum etc), 

which will largely save the device cost. Another strategy is vapor-processed method, which 

usually involves heating organic materials at high temperature zone to produce molecular vapor, 

and then vapor transports downstream to low temperature region for crystal growth and 

assembly.[33] The assembly and alignment of the crystals are usually assisted by templates or 

external forces.[22,29,48,49] The distinct advantage of the vapor-based techniques is that the 

resulting crystals normally enjoy much better crystal quality than these produced from solution-

based methods, which can guarantee better performance of the devices. Solution-based methods 

easily introduce contaminations (e.g., solvent molecules and impurities) into crystals during 

growth processes, which will weaken their corresponding electronic properties and thus impair 

the device performance.[50]  

In this review, we will highlight recent progress in the strategies that developed for the 

alignment and patterning of ordered SMOSN within the past several years, the advantages and 

limitations of different methods are discussed, and the corresponding applications for various 

optoelectronic devices and integrated circuits are also summarized. 

2. Solution-processed techniques for alignment and patterning of SMOSN 

2.1. Self-assembly method 
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Self-assembly method has been widely used to fabricate one-dimensional (1D) SMOSN, which 

usually utilizes typical non-covalent bonding interactions (e.g., π-π interaction,[51] hydrogen-

bonding interaction,[52-54] and dipole-dipole interaction[55]) between neighboring organic 

molecules to induce directional growth of SMOSN. However, the self-assembled SMOSN 

usually have disordered distribution, which commonly bring serious problems for large-area 

device fabrication and reduce the uniformity of device performance.[56-58] The alignment or 

patterning of self-assembled SMOSN often needs external forces to guide the process, such as 

evaporation-induced surface tension,[21,26,59,60] template,[23,24,61-71] wettability,[72-77] and 

electric/magnetic-field[78-83]. 

2.1.1. Evaporation-induced self-assembly at interfaces 

Zhang and coworkers have demonstrated the use of evaporation-induced surface tension at 

liquid-solid or liquid-liquid interface to guide one-step growth and alignment/patterning of 

SMOSN (Figure 1).[21,26,59,60] Solution evaporation on a horizontal solid substrate will produce 

concentric rings of highly ordered nanowire (NW) arrays, while evaporation on a vertical 

substrate results in parallel stripes of NW arrays (Figure 1a-c). The alignment and patterning of 

NWs is induced by the mechanism of “coffee ring effect”.[21] The schematic mechanism is 

presented in Figure 1d. At the beginning, the solvent is pinned on the substrate surface with a 

contact angel of θ0, forming contact line due to surface roughness. With the evaporation of the 

solvent, organic molecules gradually precipitate out to form nuclei/aggregates along the contact 

line, which makes growth of the 2,4-bis[4-(N, N-dimethylamino)phenyl]squaraine (SQ) NWs 

starting at the same line. After that, due to the 
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Figure 1. (a) Schematic illustration of evaporation-induced self-assembly on a vertical substrate. 

(b,c) SEM image of aligned parallel stripes of SQ NWs and PDI NWs on a silicon substrate, 

respectively. (d) Schematic illustration of the contact line moving process on a vertical substrate 

induced by solvent evaporation. (a-d) Reproduced with permission.[21] Copyright 2008, Wiley. 

(e) Schematic illustration of the evaporation-induced self-assembly at liquid-liquid interface. 

(f) SEM image of the aligned NW array film formed from SQ/DCM solution at liquid-liquid 

interface. (e-f) Reproduced with permission.[59] Copyright 2009, Wiley. 

 

concentration gradient, additional molecules will flow toward the growing sites (contact line), 

where they will gradually self-assemble into 1D NWs driven by directional intermolecular 

interactions among neighboring molecules. During the growth process, tips of the NWs are 

controlled by the flow of the solution, thus the alignment of the NWs is achieved simultaneously 
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along the solution dewetting direction. With the solvent evaporation, the contact angle reduces 

(θi < θ0) and the meniscus interface area goes up (ai > a0), leading to an increase in depinning 

force, with the pinning force remaining constant. Once the depinning force becomes larger than 

the pinning force, the contact line will jump to a new position and start another circle of NW 

growth and alignment. This facile method also allows the growth of aligned arrays of other 

organic materials, such as N,N’-di(1-octyl)perylene-3,4,9,10-bis(dicarboximid) (PDI) and 

bis(di-methylglyoximato)-nickel (Ni(DMG)2) (Figure 1c). 

In addition, evaporation-induced self-assembly at liquid-liquid interface can also induce the 

aligned/patterned growth of single-crystalline NWs.[59] The schematic illustration of this 

approach is shown in Figure 1e. A solution of SQ/dichloromethane (DCM) was put into a vessel 

and then a small amount of water was added onto the surface. With the evaporation of DCM, 

SQ molecules first grew into NWs at the interface and then gradually self-organize into parallel-

aligned structures driven by the surface tension induced from the shrinkage of the DCM-water 

interface. With the completion of evaporation, a compact aligned NW film was left behind, 

floating on the water surface, which can be easily transferred to any desired substrate for further 

device applications (Figure 1f). This one-step method takes advantage of the nature of 

evaporation to narrow the liquid-liquid interface and thus induces the simultaneous growth and 

alignment of organic NWs. The mechanism behind this alignment method is quite similar with 

the conventional Langmuir-Blodgett (LB) technique, where the surface pressure that makes 

NWs in parallel-aligned arrangement is offered by external applied forces (e.g., mechanical 

brush).[59] This method of evaporation-induced alignment at liquid-liquid interface is also 

applicable to fabricate many other aligned organic NW array films such as Zn(salophen) and 

Ni(DMG)2. 

 

 

2.1.2. Template-guided self-assembly 
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Template-guided self-assembly methods use a template to induce the alignment/patterning of 

SMOSN, which, besides alignment, offer additional advantages of controlling the position and 

orientation as desired and capability of large-area fabrication. Without a template, the solution 

evaporation process is free to extend over the entire substrate/area and thus it is hard to achieve 

precise control of the alignment/patterning process. The underlying force that directs the 

alignment/patterning of NWs in template-guided methods is the capillary force.[23,24,61-71]  

Template-guided self-assembly methods can be divided into two categories. In both cases, 

the capillary force first draws the solution flow toward the template. After that, in one strategy, 

the template acts as the stamp/mold to “print” out NWs with alignment/patterns copying that of 

the template. Elastomeric poly(dimethylsiloxane) (PDMS) with periodic lines (or shapes) has 

been mainly adopted as the template, due to its ease fabrication and design features.[61-64] In the 

other strategy, the template guides the alignment/patterning of NWs by controlling the solution 

flow direction during self-assembly processes of NWs with solvent evaporation.  

In the first strategy, a PDMS stamp is usually used as the template, which is pre-developed 

by micro/nano fabrication technology (e.g., nanoimprint lithography) with defined channel 

width, intervals and patterns.[61,62] It has been reported that the PDMS stamp can induce the 

formation of perylene derivative (n-type organic semiconductor) NW arrays across the gold 

(Au) electrodes.[61] Figure 2a gives the schematic illustration of the process. The PDMS mold 

with regular parallel protrusions is placed directly on the substrate bearing with Au electrodes, 

which separate the PDMS channels away from the substrate surface. When a solution is dropped 

at one side of the PDMS template (perpendicular to the channel direction), capillary force will 

attract the solution to flow inside along the gap between the substrate and the PDMS. Upon the 

solvent evaporation, the solution is pinned just 
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Figure 2. (a) Schematic illustration of the formation of perylene derivative NW arrays across 

the gold electrodes by using PDMS mold with regular parallel protrusions. (a) Reproduced with 

permission.[61] Copyright 2011, Wiley. (b) Schematic illustration of the micropattern fabrication 

process. (c) Optical micrograph of C8-BTBT lines prepared by template-guided self-assembly 

method. (b-c) Reproduced with permission.[63] Copyright 2012, Wiley. (d) Schematic 

illustration of the highly ordered arrays of C10-BTBT by using the PDMS as the topographic 

template. (e) The cross-sectional SEM image of C10-BTBT line patterns prepared on the SiO2/Si 

substrate, inset is the magnified cross-section image of a line pattern with internal layered 

structure. (d-e) Reproduced with permission.[64] Copyright 2013, Wiley. 
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under the template protrusions, and the molecules are then deposited out to form nuclei. With 

additional solutions continuously flowing towards the nuclei, aligned micro- or nanostripes will 

be gradually formed along the protrusions via self-assembly. It should be noted that nanostripes 

are not formed inside the channels but between the template protrusions and the substrate. With 

this method, after an n-type semiconductor nanostripe arrays were printed on the substrate, a 

thin film of p-type semiconductor (pentacene) can then be thermally evaporated on the top of 

stripes, forming a planar ambipolar multi-stripe OFET. Similarly, a so-called nanomolding in 

capillaries (NAMIC) method was also proposed to fabricate various nanopatterns by using 

PDMS as a template.[62] In order to prevent the swollen of the PDMS template, material was 

first dissolved in a polar solvent to make a solution. After PDMS template was put on the 

substrate, the solution was dropped at the edge of the mold. The capillary force would drive the 

solution flow towards the mold. Upon solvent evaporation, organic materials deposited out to 

form NW arrays on the substrate within the confinement of the channels. After the mold was 

peeled off, aligned stripes with controlled orientation were left on the substrate. Based on this 

technique, various nanopatterns including poly(3,4-ethylenedioxythiophene) doped with 

poly(styrene sulfonate) (PEDOT:PSS), SiO2 nanoparticles (NPs), and organic dye 

tetramethylrhodamine isothiocyanate (TRITC) were successfully fabricated, demonstrating the 

generality of this method.  

As another example, as shown in Figure 2b, dioctylbenzothienobenzothiophene (C8-BTBT) 

solution (2 wt% 1,2,4,5-tetrachlorobenzene (TCB)) was directly drop-cast on the substrate and 

then PDMS template was placed upon the substrate, making it having intimate contact with the 

droplets of C8-BTBT solution.[63] Then the solution was annealed at 50 °C for 4 hours to 

solidification. During the process, capillary force drived the solution flow towards the concave 

channels, where C8-BTBT molecules were precipitated out to form nanostructures. The wall of 

nanochannels offered nucleation sites for oriented growth of nanopatterns within the 

confinement of the template. After the detachment of the PDMS template, C8-BTBT nanoline 
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arrays were produced on the substrate (Figure 2c). The width, interval spacing and dimensions 

of the patterns can be controlled by those of the PDMS template. Crystal structure analysis 

indicated that C8-BTBT crystals were oriented along [100] direction. This technique also allows 

the fabrication of grid patterns of C8-BTBT NWs. Based on the line patterns, the authors further 

fabricated top-contact OFETs, which exhibited good electronic performance with an average 

mobility of 0.9 cm2 V-1 s-1. Recently, highly ordered arrays of liquid crystalline molecules were 

also fabricated from their powders by using PDMS as the topographic template.[64] The 

formation process is illustrated at Figure 2d, the crystalline 2,7-dide-

cylbenzothienobenzothiophene (C10-BTBT) powder was placed at the entrance of the trenches 

and then heated over 122 °C (the isotropic phase temperature of C10-BTBT). During the 

treatment, the capillary force will drive the isotropic liquid phase of C10-BTBT flow into the 

channels of PDMS template until they are filled with C10-BTBT. After that, the C10-BTBT was 

cooled down to room temperature and PDMS template was detached from the substrate, highly 

ordered arrays of C10-BTBT lines were produced on the substrate (Figure 2e).  

In the second strategy of template-guided self-assembly method, the template does not 

simply serve as a mold but provides a guidance to control the solution flow direction and the 

contact line formation during solvent evaporation. In crystal growth process, the spatial 

confinement effect of the template can force crystal growth along a specific direction or at 

desired locations. Templates like silicon wafer, glass stylus and covering hat have been 

demonstrated to induce the formation of ordered SMOSN patterns.[24,65-68] A silicon wafer has 

been reported to be used as the template to pin the solution and control its flow direction.[24,65-

67] The schematic illustration is shown in Figure 3a and 3d. Upon evaporation, the droplet 

shrinked with solution receding direction toward the center of the template. The solution flow 

directed the subsequent aligned and patterned growth of NWs. Once the solution was full 

evaporated, NW array patterns would be formed surrounding the silicon wafer  
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Figure 3. (a) Schematic illustration of the silicon wafer guided self-assembly process for the 

formation of p-n junction NW arrays from a mixture solution of C8-BTBT (p-type) and C60 (n-

type). (b) Optical micrograph image of as-prepared C8-BTBT ribbon and C60 ribbon p-n 

junctions. (c) An AFM image of the p-n junction. (a-c) Reproduced with permission.[66] 

Copyright 2013, Wiley. (d) Schematic illustration of two-step crystallization process based on 

the silicon wafer guided self-assembly method. (e) Optical microscopy image of C60 NW arrays. 

(f) Optical microscopy image of the bilayered structure. (d-f) Reproduced with permission.[67] 

Copyright 2015, Wiley.  

 

with NW tips pointing toward the center of the silicon wafer. By using silicon wafers with 

different shapes, various NW array patterns like square, rectangle and circle have been 

obtained.[24] The method is also applicable to many other SMOSN, such as 6,13-

bis(triisopropyl-silylethynyl) pentacene (TIPS-PEN). With this technique, single-crystalline 

organic p-n junction arrays were also fabricated from a mixture solution of C8-BTBT (p-type) 

and C60 (n-type) (Figure 3b,c). Importantly, high-performance transistors with ambipolar 

charge transport characteristics were successfully demonstrated based on these aligned NW 
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arrays.[66] Similarly, Wu and co-workers reported the growth of ferroelectric 3-

pyrrolinium)(CdCl3) NW arrays onto C60 NW arrays by using a two-step crystallization process 

and achieved high-performance memory devices.[67] The schematic growth process is shown in 

Figure 3d, a drop of C60 solution was firstly applied on the substrate with a silicon wafer as the 

template. C60 NW arrays were then formed during the solvent evaporation (Figure 3e). 

Subsequently, addition of another solution of inorganic material ((3-pyrrolinium)(CdCl3) in 

ethanol) led to the formation of new layer of inorganic NW arrays on the top of C60 NW arrays, 

resulting in a bilayered structure (Figure 3f). The OFET-based memory devices were fabricated 

based on the resulting bilayered single crystal arrays, excellent memory performance and a high 

electron mobility of 1.28 ± 0.41 cm2 V-1 s-1 were obtained.[67] A glass capillary tube was also 

demonstrated as a template to induce the solution flow for the formation of NW arrays of 

perylene diimide derivative on both sides of the tube.[68]  

Besides in-plane templates, three-dimensional steric templates are also reported to confine 

the solution evaporation within a specific space for the following growth of various NW array 

patterns.[23,69-71] Wang et al applied a spherical lens to serve as a spatial template to confine 

N,N’-Dimethylquinacridone (DMQA) solution evaporation as shown in Figure 4a. Using this 

method, the authors obtained regular concentric rings of ordered and aligned organic NWs.[23] 

The spherical lens provides a restricted space for controlling the flow and the spatial restriction 

causes the deposition of NWs in a much more controlled manner. As the solution slowly shrinks 

upon evaporation, evaporation-induced capillary force drives the flow toward the central 

template–substrate contact region, which induces the aligned growth of NWs (Figure 4b,c). 

Shape of the contact line is determined by the geometry of the edge of the solvent pool between 

the template and substrate. Various parameters including shape, curvature radius of the covering 

hat, and substrate type were further systematically investigated to study their influence on the 

fabrication of NW arrays.[69] A surface-tension model was also put forward to elaborate on the 

interaction of the solution with the covering hat and substrate during evaporation process (as 
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shown in Figure 4d). By tuning the geometry of the covering hat, square- and triangular- 

patterns of 

  

Figure 4. (a,b) Schematic illustration of the sphere-on-flat evaporation process and the resulting 

concentric rings of organic NWs. (c) Optical micrograph of the concentric rings of DMQA 

NWs formed during solvent evaporation. (a-c) Reproduced with permission.[23] Copyright 2011, 

Wiley. (d) Schematic illustration of the interaction between the solution with the substrate and 

the covering hat. (e) Optical image of NW arrays fabricated by a square rectangular pyramid as 

the template. (d-e) Reproduced with permission.[69] Copyright 2012, Wiley. (f,g) Schematic 

illustration of the fabrication of NW arrays by using a stamp template with an inclined slope. 

(h) An optical microscopy image of the as-prepared transistor arrays. (f-h) Reproduced with 

permission.[71] Copyright 2011, Wiley. 
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NW arrays with varied periodicity and NW density were developed on different substrates 

(Figure 4e). Glass stylus has also been used to direct the outward capillary flow for the 

fabrication of TIPS-PEN NW arrays, which is driven by confined solvent evaporation within 

the space between curved upper surface and the flat lower substrate.[70] Solvent type and 

substrate surface energy were found to have great influence on the morphologies of the resulting 

NW arrays. Recently, a template with an inclined slope was demonstrated to control the solution 

evaporation for the growth of crystalline film arrays at intended positions.[71] As illustrated in 

Figure 4f, a template with an inclined slope was placed on the substrate. Solution was directly 

introduced into the gap area and then heated to approximately 100 °C. With the solvent 

gradually drying, crystalline film was continually grown along the solution motion toward the 

closed edge. This strategy allows the deposition of crystalline film directly across the gold 

electrodes on the substrate (Figure 4g,h), therefore, matrix transistor arrays can be 

simultaneously fabricated. This method holds the advantage of having the capability of 

fabricating separated device arrays in one-step, but one concern is that the produced device 

arrays usually featured with large size (hundred micrometers or more) and relatively low space 

resolution. Hence, it needs to be further improved for applications in large-scale integrated 

circuits. 

2.1.3. Wettability-guided self-assembly 

Wettability-guided self-assembly process commonly utilizes substrate wettability to control the 

growth location of SMOSN. Surface regions modified by alkyl or fluoroalkyl groups display 

nonwettable property with poor solvent residual affinity, while those functionalized by phenyl 

groups show favorable surface for deposition of organic materials.[72-77] Zhang et al. described 

the formation of aligned organic NW arrays at desired positions on substrate with controlled 

patterns of surface wettability.[72] As illustrated in Figure 5a, the substrate was first treated by 

octadecyltrichlorosilane (OTS) to produce a nonwettable film on the substrate surface and then 

ultraviolet (UV) irradiation was applied onto the OTS-modified film through a shadow mask. 



  

15 

 

Through the illumination, the exposed area became wettable. When the evaporation-induced 

self-assembly process was performed on the wettability-patterned substrate, organic 

nanostructures were then observed to grow preferentially on the solvent wettable regions with 

controlled alignment.  

  

Figure 5. (a) Schematic illustration of wettability-guided self-assembly process of organic 

materials for the growth of aligned NW arrays by using a solvent evaporation method. (a) 

Reproduced with permission.[72] Copyright 2013, American Chemical Society. (b) Schematic 

illustration of the formation of TIPS-PEN NW arrays on the wettability-patterned substrate by 

using a blade-coating method. (c,d) Schematic illustration of the selective growth of TIPS-PEN 

at wettable lines with controlled alignment and the corresponding cross-polarized microscopy 

images. Scale bars are all 25 μm. (b-d) Reproduced with permission.[73] Copyright 2014, Wiley. 
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(e) Schematic illustration of the fabrication process of NW arrays selectively on electrode areas 

on a flexible substrate. (f) Photograph of flexible transistor matrix composed of self-organized 

OFETs. (d-f) Reproduced with permission.[77] Copyright 2009, American Institute of Physics. 

 

Wettability-guided self-assembly process is often combined with other technologies for 

patterning.[73-77] By using a blade-coating method, highly aligned TIPS-PEN crystalline film 

was found to preferentially grow on wettable regions on a substrate with alternating solvent 

wetting/dewetting lines (Figure 5b).[73] TIPS-PEN displayed unaligned growth on the 

unpatterned substrate (Figure 5c). In contrast, when the substrate was patterned with solvent 

wetting/dewetting lines, TIPS-PEN crystals selectively grew along the wettable lines with 

controlled alignment toward the receding direction of the blade (Figure 5d). In another example, 

a plastic substrate bearing with gate electrode and insulator layer was selectively modified into 

wettable and nonwettable areas by use of silane self-assembly monolayers (SAMs). Then 

source and drain electrodes were deposited onto the wettability-controlled patterned insulator 

surface through a shadow mask. After that, a semiconductor solution was dropped onto the 

substrate. The solution was observed to be attracted only to the wettable areas, leading to 

patterned growth of organic micro/nanocrystals arrays between electrode channels (Figure 5e). 

Device arrays were thus formed according to the patterned areas (Figure 5f). The resulting 

device was separated from each other, which effectively reduced the possibility of gate leakage 

current and crosstalk among devices.[33,34] In addition, growth of organic crystal arrays on a 

wettability-patterned substrate can also be achieved by combining with a spin-coating 

method,[74,76] which will be discussed in detail in the following “spin-coating” section. 

 

 

2.1.4. Electric/magnetic-field guided self-assembly 
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When molecules exhibit an anisotropic dipole or magnetic moment, it is possible to control 

their alignment using electric or magnetic field.[78-83] Electric/magnetic-field guided self-

assembly can induce the growth of SMOSN with controlled orientation at desired position. For 

example, electric field has been demonstrated to control the growth orientation and position of 

pentacene single crystals.[78] The process is schematically shown in Figure 6a. When an 

alternating electric field was applied between two electrodes, the polarized pentacene 

microcrystals would interact with it and produce dielectrophoretic (DEP) force. The DEP force 

could then drive pentacene microcrystals to deposit between two electrodes and grow along the 

electric field lines, bridging the two electrodes (Figure 6b). Similarly, electric field was also 

reported to be used to direct the self-assembly of fluorinated phenylbithiophene derivative with 

negative dielectric anisotropy to form aligned fibrous aggregates between electrodes.[79,80] It 

was found that, without the application of electric field, randomly entangled fibers were 

produced. Moreover, a phenylbithiophene derivative without fluoro substituents formed 

unaligned fibers even under an electric field, indicating the important role of the dielectric 

anisotropy nature of molecules in the patterning process. 

Recently, Jie group demonstrated the use of electric field to assemble organic microcrystals 

into various patterns with assistance of photolithography.[81] As illustrated in Figure 6c, an 

aqueous suspension of perylene derivative microcrystals was first sandwiched in an indium tin 

oxide (ITO) glass cell. Then an electric field was applied normally to the two ITO glass 

electrodes, crystals quickly moved to the bottom electrode surface and assemble into desired 

patterns in exposed ITO areas by optimizing frequency and electric field strength. Combined 

with photolithography patterning technique, shapes of the assembled patterns can be precisely 

controlled by the lithographic bottom pattern geometries (Figure 6d). Patterns with complex 

structures can be easily achieved as shown in Figure 6e. It is worth to note that the assembly of 

these crystals is driven by electrohydrodynamic flows generated by the electric field, which is 
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quite different from that of other electric-field induced self-assembly processes, where the DEP 

force plays a critical role in crystal alignment. 

 

Figure 6. (a) Schematic illustration of the electric-field guided self-assembly of pentacene 

microcrystals between the two electrodes. (b) Optical image of a pentacene single crystal 

bridging the two electrodes. (a,b) Reproduced with permission.[78] Copyright 2014, American 

Chemical Society. (c) Schematic illustration of the electric-field guided patterning of organic 

nanocrystals driven by electrohydrodynamic flow in the ITO glass cell. (d) Fluorescence 

microscopy image of the patterns formed on the ITO substrate with circular photoresist patterns. 

Inset is the corresponding as-prepared photoresist patterns on the ITO substrate. (e) 

Fluorescence microscopy image of the complex patterns of “FUNSOM”. (c-e) Reproduced with 

permission.[81] Copyright 2014, American Chemical Society. (f) Left is diamagnetic 

susceptibility of a coronene molecule. The axis of the largest diamagnetic susceptibility (Z axis) 
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is perpendicular to the aromatic disc plane. The Z ⊥  B orientation exhibits the lowest magnetic 

energy. Right is the crystal structure of a coronene nanofiber. Black bars give side views of 

coronene molecules. (g) Fluorescence microscopy image of magnetically aligned nanofibers. 

(f,g) Reproduced with permission.[82] Copyright 2014, The Royal Society of Chemistry. 

 

Another route for patterned/aligned growth of SMOSN is to use magnetic field to guide the 

self-assembly process (Figure 6f,g). As one example, single-crystalline coronene nanofibers 

have been prepared by applying a magnetic field.[82] Coronene molecules exhibit anisotropy in 

diamagnetic susceptibility due to their highly ordered internal molecular arrangement. When a 

magnetic field is applied, they tend to orient in a direction perpendicular to the magnetic field 

direction to minimize the magnetic energy, as illustrated in Figure 6f. It was observed that the 

resulting nanofibers were highly aligned perpendicular to the magnetic field direction (Figure 

6g). The mechanism is believed to be the anisotropy of the diamagnetic susceptibility of 

coronene molecules and the crystal structure of the formed nanofibers. Highly ordered 2,3-bis-

n-decyloxyanthracene fibers with orientation perpendicular to the magnetic field direction, 

were also fabricated by using this magnetic alignment mechanism.[83] 

2.2. Coating 

Coating is a commonly used industrial technique for deposition of uniform organic thin 

films.[84-91] Typical coating methods include dip-coating, spin-coating and blade-coating. In this 

section, we will introduce and discuss their applications in the fabrication of ordered organic 

micro/nanocrystal arrays. 

2.2.1. Dip-coating  

Dip-coating is a widely used method to fabricate organic crystalline micro/nanostructures with 

aligned features.[92-96] In a dip-coating process, a substrate is immersed into a solution of coating 

materials and then pulled up from the solution at a controlled speed. With solvent evaporating 

from the liquid on the substrate, organic micro/nanocrystals will be formed through self-
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assembly process.[97-100] Tips of self-assembled organic micro/nanocrystals are directed along 

the pulling direction, resulting in the alignment of ordered arrays. Properties of the formed 

nanostructures like shape and thickness can be tuned by various 

 

Figure 7. (a) Schematic illustration of dip-coating process. (b) AFM image of monolayer 

microstripe and height profiles from different areas. (c) The number of molecular layers (N) of 

microstripes as function of pulling speed. (a-c) Reproduced with permission.[101] Copyright 

2010, American Chemical Society. (d) Schematic illustration of the crystal growth process by 

dip-coating method and their unite cell directions. (e,f) Cross-polarized optical microscope 

images of dip-coated TIPS-PEN crystals at pulling speed of 150 μm/s from dichloromethane 

(e) and 50 μm/s from chloroform (f), respectively. (d-f) Reproduced with permission.[46] 

Copyright 2012, Wiley. (g) Schematic illustration of the so-called two-phase dip-coating 

method. (h) Images of the aqueous surfactant solution (I) and two-phase solution (II). (i) Optical 

images of the microstripes dip-coated from two-phase solution. (g-i) Reproduced with 

permission.[103] Copyright 2014, Wiley. 
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parameters including pulling speed, environmental humidity, as well as solution composition, 

concentration and temperature.[46,92,100] Li and co-workers recently demonstrated the use of dip-

coating method to achieve aligned growth of monolayer to multilayer microstripes of a 

prototype organic semiconductor by controlling the pulling speed (Figure 7a,b).[101] They 

systematically studied the relationship between pulling speed and the number of molecular 

layers and morphologies of the resulting microstripes. It was revealed that faster pulling speed 

resulted in thinner and more uniform layers. A pulling speed of over 40 µm/s yielded monolayer 

stripes, while multilayer stripes occured at a pulling speed of below 20 µm/s (Figure 7c). They 

further fabricated field-effect transistors based on the microstripes with controllable molecular 

layers and studied their charge transporting properties in the real charge accumulation and 

transporting layers. These as-prepared microstripes based OFETs could act as excellent 

ammonia sensors with fast response/recovery rate, high sensitivity and robust stability.[102] A 

similar study was also performed for the fabrication of highly aligned acene nanocrystal arrays 

with outstanding OFET mobilities via a dip-coating method (Figure 7d).[46] In the work, various 

influence factors in the dip-coating method were thoroughly studied. By optimizing solvent 

type, dip-coating temperature, and substrate pulling speed, the researchers discovered that 

optimal fiber-shaped crystal arrays grow at a pulling speed of 150 μm/s (50 μm/s) in the 

presence of solvents with low boiling point like dichloromethane (or chloroform) (Figure 7e,f). 

On the basis of the experimental results, they further clarified crystallization kinetics of organic 

molecules at the air-solution-substrate contact line. 

Good solubility of organic semiconductors is essential for above-mentioned dip-coating 

process. However, a considerable number of organic semiconductors with excellent electronic 

properties have limited solubility. For these materials, their device applications usually can only 

be achieved by vacuum vapor deposition method. Recently, a so-called two-phase dip-coating 

method was proposed to assemble p- and n-type organic semiconductors with low solubility 
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into highly ordered microstripes.[103] As shown in Figure 7g,h, several drops of a saturated 

organic semiconductor solution (a thiophene-based oligomer in chloroform in the work) were 

added onto the surface of an aqueous surfactant solution. Although chloroform is heavier than 

water, surface tension will make it float on the surface of water. The two-phase solution was 

then formed since the two solutions are immiscible with each other. After aging for several 

minutes, dip-coating process was performed in the two-phase solution. Aligned strips were 

formed on the substrate at a proper pulling speed (Figure 7i). In a control experiment, organic 

semiconductor was dip-coated directly from the chloroform solution. Only very few crystals 

with random orientations were observed to deposite on the substrate under any tested dip-

coating conditions, due to its limited solubility in chloroform. The authors also found that 

surfactant played a key role in the growth process of microstripes, which was considered to 

change the cohesive energy between organic molecules, and decide the following crystal 

growth facet and molecular crystallization. By using this method, they obtained several kinds 

of aligned microstripes and used them to fabricate OFET devices. 

2.2.2. Spin-coating 

Spin-coating method involves applying a small amount of solution at the center of a substrate 

and then rotating it at high speed to spread the coating material.[104-108] After solvent evaporation, 

uniform film is formed on the substrate. Spin-coating is usually used to deposit uniform thin 

films on flat substrates. Thus, for alignment and patterning of organic micro/nanocrystals, it is 

usually combined with other confinement technologies like selective surface wettability 

modification for patterning. Li, Tsukagoshi and co-workers used a spin-coating method to 

fabricate organic crystal arrays on wettability-patterned substrate.[74,109] The procedures are 

described in Figure 8a and 8b. The substrate surface was firstly coated with a thin layer of 

hydrophobic amorphous fluoropolymer (CYTOP) and then treated with O2-plasma with a 

shadow mask covered, through which the substrate was differentiated into hydrophobic and 

hydrophilic areas. Subsequently, a mixed solution (C8-BTBT and polymethylmethacrylate 

http://en.wikipedia.org/wiki/Thin_film
http://en.wikipedia.org/wiki/Thin_film
http://en.wikipedia.org/wiki/Substrate_(printing)
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(PMMA)) was spin-coated onto the modified substrate. The coating materaisl were then 

confined to hydrophilic areas (Figure 8b), 

 

Figure 8. (a) Molecular structure of CYTOP, PMMA and C8-BTBT. (b) Schematic illustration 

of the preparation process of organic crystal arrays on wettability-patterned substrate by using 

a spin-coating method. (c) Schematic illustration of the formation process of plate-like organic 

crystals with assistance of PMMA on the patterned wettable regions. (a-c) Reproduced with 

permission.[74] Copyright 2012, Elsevier. (d) The optical microscope image of a flexible 

polyethylene naphthalate (PEN) substrate with OFET device arrays fabricated by the proposed 

method. (d) Reproduced with permission.[109] Copyright 2013, American Institute of Physics. 

 

resulting in selective deposition of plate-like C8-BTBT microcrystals at desired locations after 

full solvent evaporation (Figure 8c,d). Spin speed and CYTOP-patterned layer have a great 

influence on the crystallinity and hence charge transport properties of the resulting organic 

structures. Low spin speed and the CYTOP layer greatly enhance the crystallization of organic 

materials in forming well-ordered structures and thus higher device performance. Without 

surface modification by CYTOP, a nonuniform film was produced, randomly distributing over 

the whole substrate with various-sized anisotropic crystalline structures.[110] In addition to 



  

24 

 

CYTOP, (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FTS) was also utilized to 

functionalize SiO2/Si surface to be hydrophobic.[76] The substrate can then be patterned to 

having areas with different wettability after UV-ozone treatment with a shadow mask. After a 

solution was spin-coated onto the modified substrate, organic crystals selectively grew at 

electrode areas, thereby forming device arrays.  

2.2.3. Blade-coating 

Blade-coating technique is usually employed for depositing large-area organic semiconductor 

thin films, which uses a blade to drag the solution (ink) moving along one direction under a 

controlled rate on a rigid or flexible substrate. With the blade gradually receding and solvent 

evaporation, uniform organic micro/nanocrystal films are left behind on the substrate.[87,111-113] 

Compared with spin-coating method in which only a small portion of the solution is utilized, 

the advantage of blade-coating method is minimal solution wastage during coating.  

Bao and co-workers used this method to fabricate highly aligned ribbon-like 

micro/nanocrystals of several organic semiconductors including TIPS-PEN, phenylene-

dithiophene-phenylenes and phenylene-trithiophene-phenylene derivatives. The schematic 

process is shown in Figure 9a, a solution of organic material was first sandwiched between the 

blade and substrate. The motion of the blade exposed the liquid front to evaporate rapidly to 

produce nuclei. With the blade steadily receding, additional organic molecules continuously 

flowed towards the growing sites (nuclei), followed by self-organizing and growing 

preferentially to form aligned nanostructures. After blade-coating, uniform organic 

micro/nanocrystals were deposited with aligned direction parallel to the moving direction of 

the blade, extending over the entire substrate (Figure 9b-e). The following parameters were 

found to play key roles in the coating process: surface energy of the substrate, surface tension 

of the solution, surface temperature, solution concentration and coating speed. More 

importantly, it was also found that field-effect transistors based on these as-prepared organic 

micro/nanocrystals exhibited superior performance than that of those prepared from  
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Figure 9. (a) Schematic illustration of the blade-coating method. (b,c) Bright-field optical 

micrograph and cross-polarized microscopy of the prepared NW films. The white arrow shows 

the blade-coating direction. (a-c) Reproduced with permission.[114] Copyright 2008, Wiley. (d,e) 

Cross-polarized optical microscope images of blade-coated TIPS-PEN thin films at coating 

speeds of 1.6 mm s-1 (d) and 2.8 mm s-1 (e). (f) Molecular packing structure of TIPS-PEN thin 

film at coating speed of 8 mm s-1. (d-f) Reproduced with permission.[4] Copyright 2011, Nature 

Publishing Group. (g) Schematic illustration of blade-coating process by using a micropillar-

patterned blade. (h) SEM image of a micropillar-patterned blade. The inset is top view of the 

micropillars under an optical microscope. (i) Cross-polarized optical micrograph image of the 

resulting TIPS-PEN film by using a micropillar-patterned blade at coating speed of 0.6 mm s-1. 

(g-i) Reproduced with permission.[38] Copyright 2013, Nature Publishing Group. 

 

drop-casting method.[114] High-resolution grazing incidence X-ray diffraction (GIXD) was 

further utilized to disclose the texture and molecular packing of organic micro/nanocrystals 
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obtained at different coating speed.[4] It was found that lattice strain was induced during the 

blade-coating process with increasing the coating speed, which could decrease the molecular 

packing distance, leading to closer π-π stacking and thus faster charge transport (Figure 9f). 

The optimal mobility can be as high as 4.6 cm2 V-1 s-1 for TIPS-PEN, which is twice higher than 

the best reported value (1.8 cm2 V-1 s-1) at that time. However, much higher coating speed will 

also result in grain boundary regions and domains with less oriented crystallites.[4,111] Based on 

these observations, another two strategies were proposed to further enhance the crystal quality 

of the resulting arrays. One is to modify the blade with silicon micropillars to induce 

recirculation in solution for improved crystal growth as shown in Figure 9g,h, the other is to 

pattern the substrate with alternating solvent wetting/dewetting lines to induce lateral 

confinement of crystal growth and lattice strain.[73] With these strategies, high-quality aligned 

crystals with enhanced mobilities were obtained accordingly (Figure 9i).[38] 

2.3. Printing 

Printing is a well-established patterning technique for organic electronics, which offers many 

promising advantages such as high throughput and adaptability to various kinds of 

substrates.[115,116] Inkjet-printing, transfer-printing and template-induced printing have been 

employed for alignment and patterning of SMOSN. 

2.3.1. Inkjet-printing 

Inkjet-printing is a highly effective patterning method, which usually includes storing ink in a 

chamber and then deposition of a quantitative solution from the chamber at intended locations 

via jet ejection. Once the ejected solution dries, crystals will be formed.[117] Inkjet-printing has 

become an important technology for organic electronic device applications, owing to its unique 

advantages like precise control of the volume of depositing solution and depositing location, 

efficient use of materials, and minimal contamination due to non-contact deposition process.[118]  
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Figure 10. (a) Schematic illustration of the fabrication process of C8-BTBT single crystals by 

using the combined method of inkjet-printing and antisolvent crystallization. (b) Image of a 20 

× 7 array of the prepared C8-BTBT single-crystals. (c) Cross-polarized micrographs of the C8-

BTBT single-crystal and its molecular arrangement in the crystal. (a-c) Reproduced with 

permission.[14] Copyright 2011, Nature Publishing Group. (d) Schematic illustration of steering 

TIPS-PEN ink into the hydrophilic area and the crystal growth of TIPS-PEN crystals. (e) As-

prepared TIPS-PEN single-crystal spanning across Au electrodes on the patterned channel area. 

(f) An optical microscopy image of inkjet printed TIPS-PEN OFET arrays, the inset is a 

polarized optical microscope image of a single inkjet printed TIPS-PEN OFET. (d-f) 

Reproduced with permission.[119] Copyright 2012, Wiley. 

 

Several groups have used inkjet-printing method to fabricate SMOSN arrays.[14,119] 

Minemawari, Hasegawa and co-workers demonstrated large area fabrication of C8-BTBT single 

crystals by using combined methods of inkjet-printing and antisolvent crystallization.[14] Two 

miscible solvents with similar boiling points are selected as good solvent (1,2-dichlorobenzene, 

DCB) and poor solvent/antisolvent (N,N-dimethylformamide, DMF) for C8-BTBT. A silicon 

substrate is pre-patterned with wetting and nonwetting areas by hexamethyldisilazane 

modification and ultraviolet/ozone treatment. The fabrication process is illustrated in Figure 
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10a. Poor solvent (DMF) was first printed at wetting areas, and then the solution of C8-BTBT 

in good solvent (DCB) was deposited on the top of poor solvent (DMF), by using a piezoelectric 

inkjet-printing apparatus with double inkjet-printing heads. After that, they were left for slow 

evaporation, single crystal films of C8-BTBT with thickness about 30-200 nm were obtained 

after solvent drying. Nucleation of C8-BTBT molecules was observed to occur preferentially at 

the perimeters of the droplets (solid-liquid-air interfaces). These formed nuclei seeded the 

subsequent growth of crystals with the evaporation of the solvent. The authors found that the 

nucleation was very sensitive to the configuration of the droplets whose shape was dependent 

on depositing region and droplet volume. Thus they designed a depositing region with a 

protuberance. In this design, nucleation preferentially occurred at the protuberance due to its 

high surface area-to-volume ratio. After local seeding, the growing front moved to normal 

region, where growth of the crystals continued with solvent evaporation until a large uniform 

single crystal film was formed (Figure 10b,c). The successful deposition of such a uniform high 

quality single crystal film is attributed to the special shapes of the depositing regions in which 

crystallization and subsequent crystal growth can be separated. Depositing regions like a simple 

square, rectangle or circle can only produce polycrystalline films with some crystal domains. 

Other parameters such as the ratio between good and poor solvent, concentration of C8-BTBT 

solution and substrate temperature are also crucial for effective deposition of single crystal film 

of C8-BTBT. The printed C8-BTBT crystals exhibited excellent transistor performance with 

average mobility as high as 16.4 cm2 V-1 s-1.  

TIPS-PEN single crystal arrays were also inkjet-printed at electrode channel regions and 

high-performance devices were constructed as well.[119] In the process, a substrate was firstly 

pre-patterned with Au electrodes, and then modified with OTS to make a hydrophobic substrate 

surface. After that, it was treated with deep ultraviolet (DUV) irradiation through a patterned 

quartz mask, wettability of the exposed channel area was considerably enhanced from 

hydrophobic into hydrophilic. Then TIPS-PEN in a co-solvent system of 
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chlorobenzene/dodecane mixture with 3:1 volume ratio was inkjet-printed on the substrate, as 

illustrated in Figure 10d. The ink flowed towards the electrode channel area due to surface 

energy difference between the hydrophilic channels and hydrophobic surrounding areas. With 

solvent evaporation, Marangoni flow against coffee-ring effect directed the formation of 

homogeneous crystals at controlled channel regions.[120] TIPS-PEN single crystal arrays were 

finally formed, spanning across Au electrodes (Figure 10e). OFET device arrays were 

constructed accordingly (Figure 10f). Surface wettability property plays a key role in the 

formation of large uniform single crystals. Hydrophobic OTS/SiO2 surface (contact angle of 

90°-110°) will induce small diameter of dropped ink without pinning effect during solvent 

evaporation and thus non-crystallized structures are produced. In comparision, a less 

hydrophobic surface (contact angle of 60°-70°) allows the solvent to be pinned at the edge of 

the droplet and thus easily leads to the formation of multiple crystals driven by the coffee-ring 

effect.  

2.3.2. Transfer-printing 

Transfer-printing often involves the fabrication of NWs at a donor substrate followed by being 

transferred to a receiver substrate to form highly aligned arrays through surface chemical or 

physical interactions.[121] The dominant physical/chemical interactions usually involve capillary 

force and van der Waals interactions. Contact-printing is one special kind of the transfer-

printing methods, which involves the fabrication of randomly aligned NWs at a donor substrate 

and the transfer of NWs to a receiver substrate to obtain highly aligned arrays by applying 

directional shear force.[122] During this process, the detachment and alignment of randomly 

oriented NWs from the growth substrate are achieved through the directional shear force. The 

anchor of aligned NWs on the receiver substrate is realized through van der Waals interactions 

between NWs and the substrate. Contact-printing is a general method to create aligned NWs. It 

is particularly effective for the transfer and alignment of NWs on flexible substrates.[123-127] In 

another type of transfer-printing method, highly aligned NWs are firstly formed using a 
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template method, and then capillary force is utilized to pull the NW arrays down from growth 

template to a receiver substrate.[36,128,129] 

 

Figure 11. (a) Schematic illustration of the two-step transfer-printing method for the fabrication 

of NW array based devices. (b) SEM image of the transferred NW array on SiO2/Si substrate. 

(a,b) Reproduced with permission.[130] Copyright 2014, Nature Publishing Group. (c) 

Schematic illustration of the stretched contact-printing method for assembly of randomly 

dispersed NWs from solution into aligned arrays. (d) Dark field optical image of organic NW 

arrays transferred from a randomly dispersed solution. (c,d) Reproduced with permission.[131] 

Copyright 2012, American Chemical Society. 

 

Deng, Zhang and co-workers have demonstrated a two-step transfer-printing method to 

achieve various organic NW array-based devices including resistors, diodes and top-gate 

OFETs on diverse conventional or curved and non-planar substrates which are not accessible 

before.[130] The transfer-printing process is illustrated in Figure 11a. Copper phthalocyanine 

(CuPc) NWs were synthesized by physical vapor deposition method on the growth substrate 

with random orientations. Then the NWs were transfer-printed on receiver substrates like 
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SiO2/Si and glass by applying directional shear force, resulting in highly aligned arrays with 

controllable density (Figure 11b). Such NWs can be further passed to an adhesive substrate like 

PDMS and tapes. Following this, electrodes can be further transferred to these adhesive or 

nonadhesive substrates bearing with NW arrays via an etching-assisted transfer-printing 

method.[130] Finally, a variety of devices can be constructed, which were observed to exhibit 

similar or even better performance than those devices fabricated from conventional methods.  

A stretched contact-printing method was recently proposed to assemble random dispersed 

NWs from solution or vapor phase into aligned arrays.[131] As illustrated in Figure 11c, NWs 

were fabricated at first by solution or vapor deposition method. Then they were randomly 

dispersed on the stretchable PDMS substrate, which was subsequently held with home-designed 

two foldback clips and stretched to different distance at a controlled speed. The stretch would 

induce disordered NWs to gradually transform into ordered and highly aligned arrays. After 

that, contact-printing process was performed to release the ordered NWs from PDMS to any 

desirable substrate (e.g., rigid SiO2/Si and flexible substrates), forming a monolayer of oriented 

NW arrays on the surface (Figure 11d). The authors also demonstrated that this method was 

applicable to various types of materials including organic NWs, inorganic NWs and carbon 

nanotubes either from solution dispersions or as-grown substrates. Different devices based on 

the as-transferred NW arrays were fabricated, including aligned multi-silicon NWs-based 

OFETs and hybrid inorganic-organic OFETs. All these results demonstrated the feasibility of 

making NW array-based devices using this stretched contact-printing method. 
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Figure 12. (a) Schematic illustration of the liquid-bridge-mediated nanotransfer molding 

method. (b) SEM image of TIPS-PEN NW arrays fabricated on a Si substrate. Inset is 

corresponding perspective magnified view of the NW arrays. (a,b) Reproduced with 

permission.[36] Copyright 2013, Wiley. (c) Schematic illustration of the fabrication process of 

cross-stacked organic p-n nanojunction arrays. (d) Photograph of organic NW p-n nanojunction 

arrays on a PES substrate, the inset is SEM image of cross-stacked single-crystalline TIPS-

PEN/C60 NWs. (c,d) Reproduced with permission.[132] Copyright 2014, American Chemical 

Society. (e) Schematic illustration of the transfer process of CuPc NW arrays from the grating 

substrate to the plastic substrate. (f) Optical image of the transferred CuPc NW arrays on PDMS 

substrate. (e,f) Reproduced with permission.[134] Copyright 2012, The Royal Society of 

Chemistry. 
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Another kind of transfer-printing method named “liquid-bridge-mediated nanotransfer 

molding method” was proposed by Park et al. In this method, organic NWs are fabricated within 

nanochannels and then transfer-printed to a target substrate.[36] The brief transfer mechanism is 

presented at Figure 12a. Single-crystalline organic NW arrays (TIPS-PEN) were formed via 

self-assembly method from solutions within nanoscale channels on a pre-patterned 

polyurethane acrylate (PUA) template. Then the template was placed on a substrate surface 

covering with some polar liquid as a lubricant layer. A capillary bridge was formed between 

the NWs and substrate. With evaporation of the polar liquid, increased capillary force would 

draw NWs down from PUA template to the substrate. Thus the NW arrays formed at PUA 

template were successfully transfer-printed to the receiver substrate (Figure 12b). By using this 

method, the authors also fabricated aligned NW arrays of fullerene (C60), poly(3-

hexylthiophene) (P3HT) and indolocarbazole derivatives at specific positions. More complex 

NW array structures such as two-layer crossed-stacked TIPS-PEN NW arrays were also 

fabricated by repeating the transfer-printing process on a substrate. Recently, cross-stacked 

organic p-n junction nanoarrays made of single-crystal TIPS-PEN and C60 NWs as p-type and 

n-type semiconductors respectively, were also fabricated by using the transfer-printing 

method.[132] The fabrication process is displayed in Figure 12c. C60 NWs were fabricated within 

PUA nanochannels and then transfer-printed to a receiver substrate at desired locations. Then 

TIPS-PEN NWs were placed as the second layer using the same method. A polar solvent that 

cannot dissolve TIPS-PEN and C60 NWs was used as the liquid-bridge to make good conformal 

contact between PUA template containing TIPS-PEN NWs and the substrate bearing with pre-

patterned C60 NWs. With solvent evaporation, TIPS-PEN NWs were sucked down by strong 

capillary force, leading to the formation of a crossed p-n junction array of single-crystal organic 

NWs. The authors showed that p-n junction arrays of single-crystal TIPS-PEN/C60 NWs could 

be fabricated on a 8 × 8 cm2 poly(ethersulfone) (PES) substrate (Figure 12d). After silver 

electrodes were deposited on each end of NWs, single-crystal organic NWs p-n junction array 
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based devices were then constructed. These devices demonstrated good rectifying behavior and 

photodiode characteristics. Besides PUA, pre-patterned PDMS with periodic lines can also 

serve as the growth template for aligned growth of organic NWs.[133] In another example, a 

PUA grating substrate (1600 lines) serves as the template for oriented growth of CuPc NWs in 

vapor phase, and then PDMS is utilized as an elastic stamp and receiver substrate for the transfer 

of NW arrays.[134] The process is shown in Figure 12e. After aligned growth of CuPc NWs on 

the PUA template, liquid PDMS was cast onto the grating substrate containing of NW arrays 

and kept for 1 h, and then followed by curing at 50 °C for 12 h. Once the PDMS was peeled 

off, aligned CuPc NW arrays were successfully transfer-printed onto the flexible PDMS 

substrate (Figure 12f). Photodetectors were constructed on the transparent and mechanically 

flexible PDMS substrate, which demonstrated pronounced photoresponse to incident light.  

Oh and co-workers also reported an excellent transfer method, named filtration-and-transfer 

(FAT) method, for alignment of SMOSN with controllable density as well as the formation of 

multiple patterns in differnt directions.[135] In this method, organic NWs were fabricated by a 

solution method, and then filtered through a PDMS mask patterned porous anodized aluminum 

oxide (AAO) membrane under vacuum. After filtration, NWs were deposited out and formed 

aligned patterns. The density of aligned NWs can be easily tuned by varying the concentration 

of NW dispersion. By placing the AAO memberane carrying with aligned NW patterns to a 

SiO2 wafer with a hydrophobic surface, NW patterns can be readily transferred from the 

hydrophilic AAO memberane to the target substrate. This technique allows for the formation of 

multiple NW patterns aligned in different directions on the same substrate, and it is also 

applicable to flexible substrates.  

2.3.3. Template-induced printing 

Template-induced printing method usually employs a template to assist the printing of aligned 

patterns on a substrate.[136] Elastomeric PDMS with periodic lines (or shapes) is mainly used as 

the template.[137] A variety of techniques have been demonstrated to use PDMS as the template 
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to induce printing of nanopatterns, which can be divided into two types.[23,24,61-71,138,139] One 

type makes use of template-induced self-assembly process to print aligned patterns on a 

substrate, which has been elaborated in the “template-induced self-assembly” section. The other 

type is to grow a crystalline film on a substrate and then the film is imprinted by a PDMS 

template into desired array patterns. 

 

 

Figure 13. (a) Schematic illustration of the selective contact evaporation printing process. (b) 

and (c) are optical microscopy images of micropattens of TIPS-PEN single crystal with various 

shapes and sizes. (d) SEM image of the rectangular TIPS-PEN single crystal patterns, inset is 

the magnified image showing the smooth edge. (e) Square holes arrayed in p4mm symmetry 

and (f) hexagons arrayed in p6mm symmetry fabricated by selective contact evaporation 

printing. (a-f) Reproduced with permission.[138] Copyright 2011, Wiley. 

A so-called selective contact evaporation printing method was reported, as depicted in 

Figure 13a.[138] TIPS-PEN was first dissolved in mixed solvent of 50/50 (wt%/wt%) 

dodecane/toluene. The solution was then drop-cast on a substrate for controlled evaporation to 

make a flat and uniform crystalline film. Subsequently, a PDMS mold with periodic lines was 
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pressed on the substrate with proper pressure (3 kPa) followed by heat treatment at 100 °C for 

1 h. Next, TIPS-PEN was selectively evaporated at the regions in contact with the topographic 

PDMS template and molecules diffused into PDMS template. After removal of PDMS template, 

well-defined single-crystalline TIPS-PEN NW arrays were printed on the substrate. By using 

two PDMS templates with periodic lines of different width and periodicity for selective etching 

of TIPS-PEN on the substrate, square and rectangular microdomains with dimensions of 50 × 

50, 25 × 25, 10 × 10, 100 × 20, 75 × 10, and 50 × 20 μm2 were successfully fabricated (Figure 

13b-d). Patterns with various shapes arrayed in different symmetries including square holes and 

hexagons, could also be easily achieved by changing shapes of PDMS templates (Figure 13e,f). 

It was found that two key factors played crucial roles for selective etching of TIPS-PEN film. 

One is the good conformal contact between the template and TIPS-PEN surface on the substrate, 

which ensures effective heat accumulation at the contact areas to drive solution diffusion into 

PDMS. Another is to have sufficient free volume in the elastomeric PDMS template, which 

permits efficient inward diffusion of TIPS-PEN molecules. Based on the as-prepared 

micropatterns of TIPS-PEN crystals, bottom gate OFETs were fabricated, with mobility of 

approximately 0.36 cm2 V-1 s-1 and an on/off current ratio of 106.  

Compared with other printing methods, template-induced printing method has several 

advantages: i) easy to control crystal diameter by tuning corresponding template channel sizes; 

ii) diverse pattern shapes can be achieved through template design; iii) low-cost and highly 

effective. However, there are also several concerns: i) it is difficult to fabricate PDMS templates 

with nanoscale patterns although they are more useful in future highly integrated devices; ii) 

the template detachment process often causes inevitable damages to crystals. 

3. Vapor-processed techniques for alignment and patterning of SMOSN 

3.1. Physical vapor deposition 

Physical vapor deposition (PVD) method has been extensively used for the fabrication of 

SMOSN. In a typical process, source materials are heated above their sublimation temperature 
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(Ts) under vacuum, and then they are transported to a low-temperature zone by gas flow, where 

molecules deposit out and grow into nanocrystals.[140,141] Since no solvent or impurities are 

involved in PVD process, the resulting SMOSN normally have excellent crystal quality with 

limited disorder, which is much better than those grown from solution-processed methods. 

However, PVD methods usually suffer from problems like low yield/output for large-scale 

device applications and high-temperature processes.[40,142-145] Particularly, it is relatively 

difficult to precisely control alignment and patterning of SMOSN in PVD processes, in contrast 

to solution-processed methods. Therefore, only several techniques have been reported so 

far.[48,146-153]  

 

Figure 14. (a) Schematic illustration of the growth process of the coaxial organic p-n 

heterojunction NW arrays of CuPc/H2TPyP. (b) SEM image of the p-n junction NW arrays. 

Inset is a SEM image of a single junction wire. (a,b) Reproduced with permission.[48] Copyright 

2012, Wiley. (c) Schematic illustration for the PDMS patterned growth of vertically aligned 

DAAQ NW arrays. (d) The 40° tilt view and cross sectional view SEM images of vertically 

aligned DAAQ NWs. (c,d) Reproduced with permission.[147] Copyright 2010, American 

Chemical Society.  
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Vertically aligned organic NWs of 1,5-diaminoanthraquinone (DAAQ) were prepared on 

various solid surfaces (e.g., Si, glass, Au, Al, Fe and Cu foils) by employing PVD method.[146] 

In the fabrication, a DAAQ film is homogeneously coated on the inner wall of a round bottle 

flask. Then the flask was heated to the temperature of sublimation (150-200 °C) to vaporize the 

powders. With DAAQ vapor transferred downstream to a receiver substrate at low temperature 

region by gas flow, DAAQ NW arrays grew vertically on the substrate. It was observed that 

vertically oriented DAAQ NPs with diameters of about 100 nm were grown on the substrate at 

early stage, and then they served as the seeds for the subsequent oriented growth of DAAQ 

NWs. With this technique, coaxial organic p-n heterojunction NW arrays of CuPc (p-type) and 

5,10,15,20-tetra(4-pyridyl)-porphyrin (H2TPyP, n-type) were fabricated.[48] The growth process 

is shown in Figure 14a. CuPc and H2TpyP powders in individual boats were put at different 

temperature zones to make a co-evaporation system. H2TPyP at a higher temperature zone with 

faster evaporation rate was first deposited on the substrate, forming vertically aligned H2TPyP 

NPs. Then hollow structures appeared on the top of NPs, and served as higher energy areas for 

the subsequent selective nucleation of CuPc. Subsequently, the two materials grew separately 

and gradually formed vertically aligned core/shell heterostructure arrays (Figure 14b). The 

intimate connection at the junctions endows the ordered arrays of organic p-n heterojunctions 

with a great potential of applications in excellent organic optoelectronic devices.[48]  

Molecules are observed to preferentially nucleate and grow much faster at high surface 

energy sites such as dust particles and scratches.[147,148] Keeping this in mind, Zhao et al. pre-

patterned a substrate with a self-assembled monolayer to offer different surface energy areas 

and achieved patterned growth of vertically aligned SMOSN.[147] The patterning process is 

briefly illustrated in Figure 14c. First, a substrate was treated to be hydrophilic, and then a 

PDMS stamp with periodic lines was inked with (tridecafluoro-1,1,2,2-

tetrahydrooctyl)triethoxysilane (FOTES), and printed directly onto the substrate. The 
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unstamped areas with hydrophilic properties become the higher surface energy domains. When 

PVD method was used, ordered NW arrays were selectively patterned on the hydrophilic areas 

(Figure 14d).  

3.2. Guided physical vapor deposition (GPVD) 

 

Figure 15. (a) Schematic illustration of growing the cross-aligned CuPc NW arrays on Au-film 

coated substrates. (b) SEM image of the cross-aligned CuPc NW arrays, inset is a magnified 

SEM image of the NW arrays with alignment angle of 70°. (a,b) Reproduced with 

permission.[50] Copyright 2013, Nature Publishing Group. (c) Schematic illustration shows the 

growth process of the template-guided method by grating grooves. (d) SEM image of aligned 

CuPc NW arrays grown on the grating substrates. Inset is the high magnification image of CuPc 

NWs. (c,d) Reproduced with permission.[134] Copyright 2012, The Royal Society of Chemistry. 

(e) Schematic illustration of the process of using the pillar-structured substrate as the template 

to guide the PVD process to fabricate aligned and patterned BPEA NW arrays. (f) A dark-field 

fluorescent micrograph of BPEA NW arrays on a flat PDMS film. Inset is the molecular 
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structure of BPEA. (e,f) Reproduced with permission.[22] Copyright 2015, Nature Publishing 

Group.  

 

Another route to pattern SMOSN in PVD process is to use metallic NPs as active sites to guide 

patterned growth of nanostructures.[50,149-153] It has been discovered that Au NPs can serve as 

the nucleation sites and direct anisotropic growth of planar phthalocyanine derivatives for 1D 

nanostructure with precise localization and tunable dimensions.[149,150] Wu, Jie and co-workers 

demonstrated large-area fabrication of cross-aligned CuPc NW arrays on Au-film coated 

substrates.[50,152] The schematic illustration of this method is shown in Figure 15a, a layer of 

Au film (thickness ~50 nm) was coated on a substrate followed by a PVD process. It was found 

that growth of NW arrays started from Au NPs, and the formed NWs were straight with crossed 

alignment (average alignment angle ~70°) (Figure 15b). With utilization of photolithography 

technique to control the location of Au NPs-coated areas, it was feasible to achieve precisely 

patterned growth of CuPc NW arrays at desired locations. Various patterns including parallel, 

grid-like and even some complex structures were fabricated by tuning the geometries of Au-

coated areas. Besides Au film, silver (Ag) film can also direct aligned growth of CuPc NW 

arrays. This technique also allows for patterned growth of NW arrays of other organic 

semiconductors, such as 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA). By pre-

patterned Au electrodes on a substrate, NW array patterning and device integration can be 

achieved simultaneously. Such integrated devices exhibited high yield, high integration level, 

small pixel-to-pixel variation, and could function as a high-resolution image sensor.[153] 

NW arrays produced by pure PVD process and metallic NPs guided process are 

predominantly vertically aligned. However, for practical device applications, it is more 

desirable to have NW arrays with in-plane alignment on the substrates.[22,134] Recently, other 

mechanisms based on template-guided PVD processes have been developed. As one example, 

grating grooves have been reported to act as an alignment template to guide oriented growth of 
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in-plane CuPc NW arrays.[134] As described in Figure 15c, a PUA grating substrate (~1600 

lines) fabricated by nanoimprint was adopted as a receiver substrate. After PVD process, highly 

ordered CuPc NW arrays along the grating grooves were obtained on the flexible PUA substrate 

(Figure 15d).[134] It was proposed that vaporized CuPc molecules were absorbed in the grating 

trenches and formed nuclei, then lateral coming molecules would continue growing on them 

and slowly fused together to form NWs along the grating trenches. The growth orientation of 

NWs is navigated by the underlying topographical patterns of the template. The NW arrays can 

be easily transferred to other desirable substrates for device applications by using PDMS as 

elastic stamp.  

Recently, a method of using a pillar-structured substrate as the template to guide PVD 

process has been reported for controlled alignment and patterning of 9,10-

bis(phenylethynyl)anthracene (BPEA) NW arrays.[22] The process is illustrated in Figure 15e, 

a BPEA/ethanol solution in a metal boat served as the evaporation source. A pillar-structured 

silicon substrate with surface microstructures including parallel lines, squares, hexagons or ‘X’ 

structures was used as a receiver substrate and placed facedown onto the metal boat. Next, the 

boat with the solution was heated to 180° C in air (near the sublimation temperature of BPEA) 

for solvent evaporation and material deposition. Due to the surface energy difference between 

the pillar tops and sidewalls, BPEA was observed to preferentially nucleate at the pillar edges. 

These nuclei kept growing until joining together along the orientation of the pillar edges, 

resulting in highly aligned NW arrays. Unlike many other reported PVD methods, the 

fabrication process can be performed in air or nitrogen environment, but no NWs were able to 

be produced under vacuum conditions. Besides parallelly aligned NW arrays, various patterns 

of jointed NWs with precisely controlled internal angles were fabricated by adjusting pillar 

geometries. NW arrays can be easily transferred onto other desired substrates by a simple 

contact-printing method. By using the patterned NWs with tunable internal angles, various 

optical waveguides have been demonstrated. 
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4. Device applications of the aligned/patterned SMOSN 

In the above sections, we have extensively reviewed a broad range of solution and vapor 

processed techniques for precise alligning and patterning of SMOSN. These technologies build 

up the foundation of the applications of SMOSN in a diversity of devices. Accordingly, we will 

next highlight the classical advancement of SMONS devices including photodetectors, imaging 

sensors, OFETs and logical circuits. 

4.1. Photodetetors and image sensors 

Photodetector is a type of optoelectronic device that can transform optical signals to electrical 

signals, and has important applications in diverse fields, such as imaging, optical 

communication, security, and defense.[154-158] In general, the photodetectors can be divided into 

three types, including photoconductors, photodiodes, and phototransistors.[159-169] 

Photoconductors have the simplest device structure, in which a semiconductor is sandwiched 

between two ohmic-contacted metal electrodes. Photodiodes are two-terminal devices too, but 

p-n junctions or Schottky junctions are usually introduced to enhance the built-in electric field 

for photocarriers separation and transportation. Phototransistors are three-terminal devices and 

basically have the same configuration as OFETs. For these devices, an additional gate electrode 

offers the ability to modulate the photoresponse of devices by an electric field in the gate region. 

Generally, the key figure-of-merit parameters of responsivity (R), photoconductive gain (G), 

detectivity (D*), and response speed are used to evaluate the performance of a photodetector. 

However, for an image sensor, which consists of many photodetectors in a circuitry to achieve 

imaging functionality, other parameters such as yield, integration density, and reproducibility 

of the pixels are equally important.                

Single-crystalline SMOSN constitute a promising platform to study the intrinsic 

photoconductive characteristics of organic crystals.[170-175] For instance, photoconductors based 

on benzothiophene nanoribbons exhibited a high photoconductivity gain of 1.3 × 104 and a high 

responsivity of 4372 A W-1 at 405 nm.[170] Phototransistor based on microplates of anthracene-
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based materials was also used as a photodetector, a high photoresponsivity of >1 × 104 A W-1 

and an on/off current ratio of >103-105 was obtained.[175] The overall performance of these 

SMOSN-based photodetectors is comparable to some inorganic nanostructure based ones. 

Recent development in fabrication of large-scale aligned/patterned SMOSN has stimulated the 

studies on SMOSN array-based photodetectors. Zhang and coworkers developed a grating-

assisted PVD method for large-scale growth of aligned ultralong CuPc NWs on a PUA grating 

substrate,[134] enabling the fabrication of transparent and flexible photoconductors based on 

organic NW arrays. Response of the device to the pulsed light was fast, highly stable, and 

reproducible. Additionally, the performance remained unchanged after bending to a curvature 

of 0.5 cm-1. The NW arrays could be further transferred from the grating substrate to a PDMS 

stamp, and the resultant photoconductors displayed excellent flexibility and stretchability. 

Phototransistors were demonstrated based on TCNQ microcrystal arrays, which were grown 

via a local growth in solution with the assistance of a glass capillary tube.[176] These 

phototransistors with polymeric gate dielectric exhibited stable n-type characteristics with a low 

threshold voltage of < 0.5 V. Under light illumination, the devices produced a current on/off 

ratio of 31 at a gate voltage of 0.3 V. Though the device exhibited a moderate responsivity of 1 

mA W-1, its response speed was fast (10 ms). Large-scale fabrication of organic NW 

phototransistors in the bottom gate, top contact transistor configuration was reported by Park et 

al.[36] By tuning the gate voltage, the flexible phototransistors displayed a maximum current 

on/off ratio of 103 at a gate voltage of 4 V, along with a high responsivity of 3.5 × 103 A W-1, 

under white light illumination (12.2 mW cm-2).  

Owing to the large-area uniformity, high sensitivity, and broadband response, SMOSN 

arrays are promising building blocks for high-performance image sensors. Compared to 

conventional silicon-based charge coupled device (CCD), SMOSN array-based image sensors 

have unique advantages in terms of light weight, high flexibility and low cost etc.[177] However, 

high-density integration of SMOSN array-based photodetectors remains a bottle neck for their 
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practical applications. Zhang et al. developed an in-situ integration technique to achieve large-

scale integration of SQ NW array-based photodiodes by growing NW arrays on pre-patterned 

electrodes through an evaporation-induced self-assembly process.[26] Asymmetric electrode 

pairs of Au-Ti were utilized for the construction of Schottky-type photodiodes based on NW 

arrays. These devices exhibited high current on/off ratio, fast response, and low-light detection 

capability of each pixel in the integrated photodetector circuitry. Due to the homogeneously 

assembled NW arrays, the photodiodes disclosed a high uniformity with a mean rectification 

ratio of around 1200-1500 in the dark. Most pixels had almost the same sensitivity with a very 

small pixel-to-pixel variation. High yield of the operational pixels with a high level of 

integration makes this assembly strategy very useful for the future image sensor applications. 

Very recently, a really functional image sensor was demonstrated by Wu, Jie and coworkers. 

Cross-aligned CuPc NW arrays were directly grown on pre-fabricated electrode circuit via a 

PVD method (Figure 16a-f).[50] The relative low growth temperature (~180 oC) of CuPc NW 

arrays makes this in-situ growth possible. A unique read-bus structure was adopted for the 

sensor circuitry, ensuring high integration level of the devices. The integrated image sensor 

contained a 10 × 10 pixel array in an area of 1.3 × 1.3 mm2. Surface area for each pixel (130 × 

130 µm2) was smaller than the pixel size (800 × 800 µm2) in previous reports for inorganic 

image sensors that have discrete device structure.[178,179] Due to high uniformity of NW arrays, 

near 100% of the pixels could successfully operate at a high response speed and relatively small 

pixel-to-pixel variation. The yield of this image sensor also surpassed those of image sensors 

fabricated from parallel-aligned inorganic NW arrays in previous studies, in which the yields 

were generally lower than 80%.[178,179] By projecting a red laser beam with a point diameter of 

1 mm onto the corner of the sensor circuitry (Figure 16e,f), it was demonstrated that the circuit 

matrix of the organic photodetector could function as a high-resolution image sensor. 
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Figure 16. (a) SEM image of the as-fabricated integrated image sensor, which contains a 10 × 

10 pixel array in an area of 1.3 × 1.3 mm2. (b) Schematic illustration of the image sensor circuit 

based on cross-aligned CuPc NW arrays. (c) Photo-response measurements of the pixel under 

pulsed light illumination. (d) Light intensity-dependent photocurrent of the image sensor. (e) 

Schematic illustration of the measurement configuration for demonstrating the feasibility of the 

sensor for spatial imaging. A red laser beam was projected onto the right-upper corner of the 

sensor circuitry. (f) The corresponding 2D intensity distribution of (e) measured by mapping 

the pixel signals, matching the shape of the laser beam. Reproduced with permission.[50] 

Copyright 2013, Nature Publishing Group. 

 

In spite of the rapid progress, it is noteworthy that study on SMOSN-based photodetectors 

still remains at an early stage. Performance of SMOSN-based photodetectors needs to be further 

enhanced. For instance, most of SMOSN-based photodetectors have a response speed in the 

range of 10 ms ~1 s,[160] presumably due to the relatively low carrier mobility of organic 
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material, long transit time of lateral structure photodetectors, and existence of surface 

defects/traps. This response speed is still too low to fulfill the demand of practical applications 

such as optical communication and high-speed imaging. Growth procedures as well as device 

structures of SMOSN should be further optimized to improve the response speed. In addition, 

it remains a challenge to fabricate integrated photodetectors based on SMOSN arrays due to the 

incompatibility of organic crystals with conventional microfabrication techniques such as 

photolithography and sputtering. Consequently, it is essential to establish more efficient 

methods to improve the integration level for high-resolution image sensor applications. There 

is a large room for exploring the applications of SMOSN in flexible and stretchable 

photodetectors, which may bring new opportunities for their practical applications.  

4.2. OFETs and logic circuits 

OFETs are fundamental elements of organic electronics, and they have found many potential 

applications in a variety of fields, such as active matrix displays,[180,181] electronic paper,[182,183] 

sensors,[103,184,185] and radio-frequency identification cards.[186,187] OFETs are three-terminal 

devices. Besides organic semiconductor that acts as device channel, other basic device 

components include source and drain electrodes, gate electrode, and gate dielectric layer. 

Source-drain current that flows through organic conduction channel can be modulated by an 

external electric field applied on the gate electrode, allowing switching of the device between 

on and off states. Various parameters such as field-effect mobility, on/off current ratio, and 

threshold voltage are commonly adopted to characterize the performance of OFETs. The 

performance of OFETs strongly depends on electronic properties of organic semiconductors. 

Compared with their thin film counterpart, SMOSN possess superior electronic properties due 

to higher crystal quality and fewer grain bounderies/defects, which enables the construction of 

SMOSN-based OFETs with remarkably higher performance.[6-8] With the development in 

patterning/alignment techqiues for SMOSN, SMOSN-array based OFETs have achieved big 

progress. In this section, we will discuss the OFET applications of SMOSN. The development 
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of single SMOSN-based OFETs will be briefly summarized at first, and then emphasis will be 

placed on the OFET applications of patterned/aligned SMOSN arrays. 

It is impressive that field-effect mobilities of SMOSN have experienced a rapid increase in 

the past few years, through the optimization on molecular structures, growth conditions, and 

device structures of OFETs.[188-191] P-type SMOSN with hole mobility around 10 cm2 V-1 s-1, 

which is much higher than that of amorphous silicon (~1 cm2 V-1 s-1), have been reported by 

many groups.[15,191-193] For example, it was reported C8-BTBT microcrystals fabricated from 

solvent vapor annealing method possessed a mobility of 9.1 cm2 V-1 s-1.[192] Recently, 

microribbon-shaped β-phase dihexyl-substituted DBTDT (C6-DBTDT) crystals fabricated from 

solution phase were reported to exhibit a hole mobility up to 18.9 cm2 V-1 s-1.[15] Compared with 

p-channel OFETs, n-channel SMOSN-based OFETs are less developed, and investigation on 

n-channel OFETs usually reveals a lower electron mobility of 1~5 cm2 V-1 s-1, due to the lack 

of air stable n-type organic semiconductors.[194-196] It has been revealed that significant π-orbital 

overlap between neighboring molecules can greatly facilitate charge carrier transport and 

enable high mobility.[1,197] As such, He and coworkers took advantage of close molecular 

packing of 2,6-Dichloro-1,4,5,8-naphthalene tetracarboxylic dimide (Cl2-NDI) molecules, and 

fabricated air stable Cl2-NDI microribbon based n-type OFETs with electron mobility up to 8.6 

cm2 V-1 s-1 and on/off current ratio of 7 × 107.[198] 

SMOSN-array based OFETs have now gained great progress, owing to the emerging 

successful alignment/patterning techniques and the corresponding device fabrication strategies 

for SMOSN. Device fabrication methods like shadow mask,[64,73] inkjet-printing,[94] in-situ 

device integration,[33,77,119,199] and transfer-printing [29,197,200] have been developed for  
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Figure 17. (a) Transfer curve and b) output curve of the aligned TIPS-PEN based OFET. Inset 

in (a) was an optical image of device. (a,b) Reproduced with permission.[73] Copyright 2014, 

Wiley. (c) Image of electrodes patterned on a 4-in wafer with blade-coated TIPS-PEN. (d) 

Cross-polarized optical image of transistors of a section on the wafer shown in (c). The scale 

bar is 3000 μm.) (c,d) Reproduced with permission.[199] Copyright 2015, National Academy of 

Sciences of the United States of America. (e) Image of the flexible CuPc NW based OFET 

arrays with bending radius of 3 mm. (f) Mobility of the flexible OFET as a function of bending 

radius. Inset shows the optical image of a typical CuPc NW based OFET. (e,f) Reproduced with 

permission.[200] Copyright 2014, Elsevier. 

 

the construction of OFET device arrays (Table 1). As a simple method, shadow mask method 

has been widely adopted for organic electronics.[14,64,73] This method involves direct deposition 

of metallic electrodes through a shadow mask that constitutes a stainless steel/plastic sheet with 
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open windows or small-diameter metal wires, thus avoiding direct photolithography on organic 

semiconductors. Since electrode evaporation is usually performed in high vacuum, this method 

is favourable for obtaining a good electrode/semiconductor contact for high-performance 

OFETs.[4,73] For example, Bao and coworkers prepared aligned crystalline domains of TIPS-

PEN and then parylene shadow mask were placed on top of the substrates for thermally 

evaporating of Au electrodes as source and drain. The constructed OFETs yielded a high 

mobility of 2.7 cm2 V-1 s-1 (Figure 17a,b).[73] However, in shadow mask method, size of the 

device is usually restricted by the feature size of the mask, which depends on the manufacturing 

techniques and normally is much larger than that produced by photolithography. To reduce the 

feature size of shadow mask for sophisticated device fabrication, a possible way is to fabricate 

free-standing polymer mask from polystyrene (PS), PMMA, and PUA and so on by 

photolithography.[45,201] This approach offers the possibility to fabricate OFETs with similar 

accuracy as that of photolithography. 

Inkjet-printing method offers an effective approach to fabricate OFET arrays based on 

SMOSN.[94] Liu and coworkers presented an all-solution processing method to fabricate OFET 

arrays.[94] In the method, aligned organic NW arrays were patterned via dip-coating method, 

and then source-drain electrodes were fabricated by inkjet-printing conducting polymer 

PEDOT:PSS. Size of organic NW transistor arrays was determined by the density of printed 

electrodes, and 750 independent transistors were formed at 2 mm × 3.5 mm area. The devices 

in arrays showed an average hole mobility of 0.51 cm2 V-1 s-1. Despite the high efficiency, in 

inkjet-printing method, the registration capability of instrument restricted the alignment 

accuracy, whereas the attainable droplet size limited the size of each OFET.  

Table 1. OFET device data for aligned/patterned SMOSN. 

SMOSN μ 
[cm2V−1s−1] 

Ion/Ioff VTh [V] Alignment/Patterning 

Method 

Device 

Fabrication 

Device 

Architecturesa) 

Ref. 

C8-BTBT 31.3 105-107 -10 inkjet printing shadow mask TGTC; Au; 

parylene C 

[14] 

C8-BTBT 3.5 107 -0.6 spin-coating shadow mask BGTC; Au/MoOX; 

Si/SiO2; tested in 

air 

[76] 
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C8-BTBT 2.6 105 
 

template-guided self-

assembly 

shadow mask BGTC; Au; 

Si/SiO2; tested in 

air 

[63] 

C8-BTBT 0.53 109 -0.062 wettability-guided 

self-assembly 

in-situ 

integration 

BGBC; Au; PIb) [77] 

TIPS-PEN 11 106-108 
 

blade-coating shadow mask BGTC; Au; 

Si/SiO2; PTSc); 

tested in N2 

[38] 

TIPS-PEN 4.6 107 
 

blade-coating shadow mask BGTC; Au; 

Si/SiO2; PTS 

[4] 

TIPS-PEN 2.7 105-107 
 

blade-coating shadow mask BGTC; Au; 

Si/SiO2; PTS; tested 

in N2 

[73] 

TIPS-PEN 1.8 107 -10 slot-die coating shadow mask BGTC; Au; 

Si/SiO2; OTS; 

tested in air 

[90] 

TIPS-PEN 1.7 105-106 
 

inkjet printing in-situ 

integration 

BGBC; Au/PFBTd); 

Si/SiO2 

[119] 

TIPS-PEN 1.52 106 -11 transfer-printing shadow mask BGTC; Ag; 

ITO/SiO2; tested in 

air 

[36] 

TIPS-PEN 1.5 105-107 ~-8 dip-coating shadow mask BGTC; Au; 

Al/Al2O3; tested in 

air 

[46] 

TIPS-PEN 0.61 105 2.1 confined 

crystallization 

shadow mask BGTC; Au; 

Si/SiO2; HMDSe); 

tested in air 

[202] 

TIPS-PEN 0.4 ~104 -6.77 blade-coating in-situ 

integration 

BGBC; Au; 

Si/SiO2; OTS; 

tested in N2 

[199] 

TIPS-PEN 0.36 106 
 

template-induced 

printing 

shadow mask BGTC; Au; 

Si/SiO2; tested in 

air 

[138] 

TIPS-PEN 0.27 106 
 

inkjet printing in-situ 

integration 

BGBC; Au; 

Si/SiO2; HMDS; 

tested in air 

[120] 

TIPS-PEN 0.1 106 0.69 transfer-printing shadow mask BGTC; Au; 

Si/SiO2; tested in 

air 

[133] 

CuPc 0.02 
  

physical vapor 

transport 

transfer-

printing 

TGTC; Au; 

Au/Si3N4; tested in 

air 

[29] 

CuPc 2.0 104 -2 physical vapor 

transport 

transfer-

printing 

TGTC; Au; 

Au/Si3N4; tested in 

air 

[200] 

CuPc 0.04 105 
 

transfer-printing transfer-

printing 

TGTC; Au; 

Au/Si3N4; tested in 

air 

[130] 

C10-BTBT 1.74 105 -26 template-guided self-

assembly 

shadow mask BGTC; Au; ITO/PI; 

tested in air 

[64] 

C10-DNTTf) 11 106 
 

template-guided self-

assembly 

shadow mask BGTC; Au; Si/SiO2 [71] 

Compound 

1g) 

1.26 105 -2.6 dip-coating inkjet 

printing 

BGTC; 

PEDOT:PSS; 

Si/SiO2; PMMA; 

tested in air 

[94] 

C60 11 105 15-43 template-guided  

self-assembly  

shadow mask BGTC; Au; 

Si/SiO2; BCBh); 

tested in N2 

[24] 

C60 2 106 0.5 template-guided  

self-assembly 

shadow mask BGTC; Au; 

Si/SiO2; BCB; 

tested in N2 

[203] 

BPE-PTCDI 0.24 105-106 ~15 filtration-and-transfer in-situ 

integration 

BGBC; Au; 

Si/SiO2; OTS; 

tested in air 

[135] 

TCNQ 0.03 10-103 0.5 template-guided  

self-assembly 

shadow mask BGTC; Au; 

ITO/CL-PVP i) 

[204] 

 

a) device architectures; S/D electrodes; gate/dielectric; substrate functionalization; test 

condition; b) PI: polyimide; c) PTS: phenyltrichlorosilane; d) PFBT: pentafluorobenzenethiol; 

e) HMDS: hexamethyldisilazane; f) C10-DNTT: 2,9-alkyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-
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b]thiophene; g) Compound 1 was synthesized by Pei group in literature[94]; h) BCB: 

divinyltetramethyldisiloxane bis(benzocyclobutene); i) CL-PVP: cross-linked poly(4-

vinylphenol). 

 

In-situ device integration by depositing SMOSN arrays directly onto pre-patterned electrode 

arrays endows the device with high integration level.[33,77,119,199] Surface modification on 

electrodes or dielectrics is usually necessary to achieve selective growth of  SMOSN within 

device channels. Large-scale arrays of SMOSN can be directly grown on OTS modified source-

drain electrodes during PVD process due to higher surface energy at OTS modified regions, 

enabling the fabrication of large-scale OFET devices.[33] This method shows good generality 

and can be applied to a variety of p- and n-type SMOSN.[33] Besides rigid transistors on SiO2/Si 

substrates, flexible transistor arrays are also realized by patterned growth of SMOSN on 

electrode areas on transparent polyethylene terephthalate (PET) substrates.[33] Despite that the 

performance of rubrene microcrystal-based OFETs presented some degradation on the plastic 

substrate, no significant loss in performance was observed when the devices were bent to a 

radius of 6 mm. In another work, by patterning the substrate with solution-wettable and 

nonwettable regions, selective deposition of C8-BTBT microcrystals on OFET electrodes was 

achieved by dropping the solution onto the patterned surface.[77] Self-organized OFETs 

exhibited an average mobility of 0.53 cm2 V-1 s-1 and on/off ratio of 109. Inverter circuit 

fabricated from OFETs also showed a large gain of 20. Recently, a technique termed “controlled 

organic semiconductor nucleation and extension for circuits” (CONNECT) was also reported 

for in situ device integration, which combined surface modification and blade-coating method 

to generate patterned and precisely registered SMOSN within device channels (Figure 17c, 

d).[199] Transistors density as high as 840 dpi, along with a high yield of 99%, were achieved by 

this method. The authors further built various logic gates and 2-bit half-adder circuit from the 

integrated OFETs, verifying the practical applicability of this technique for large-scale circuit 

applications. 
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In-situ integration method shows big success and has become a common method to fabricate 

SMOSN-based OFET arrays via solution method.[33,77,119,199] However, in this method, growth 

conditions of SMOSN must be very gentle to avoid possible damage of the substrate or pre-

patterned electrodes by reaction temperature, therefore limiting its applications on SMOSN that 

need relatively harsh growth conditions. In addition, nucleation and crystallization of SMOSN 

can possibly be influenced by the underlying electrodes due to complex organic 

semiconductor/metal interfaces.[77] Finally, bottom contact OFET configuration may also lead 

to a large contact resistance, which degrades device performance. To this end, Deng, Zhang and 

coworkers recently developed a two-step strategy to achieve device integration.[29,130,200] In this 

strategy, single-crystalline NW arrays were fabricated at a substrate, then electrode arrays 

which are fabricated by conventional multi-step photolithography were transfer-printed onto 

these NWs by an etching-assisted transfer printing (ETP) process.  In the ETP process, a thin 

Cu layer was utilized as a sacrificial layer, microelectrodes fabricated on Cu/Si substrate could 

be readily transferred to diverse conventional or non-conventional substrates with a high 

transfer yield of near 100%. This transfer printing method exhibits a high flexibility. Various 

electrodes such as Ti, Au, and Al can be transferred, and various types of organic devices, such 

as Schottky diodes, resistors, and top-gate OFETs, can be constructed on planar or complex 

curvilinear substrates. By using this technique, flexible and transparent top-gate OFET arrays 

with high hole mobility of 2.0 cm2 V-1 s-1 were realized (Figure 17e, f).[200] These devices 

exhibited excellent bending stability with bending radius down to 3 mm. The only concern of 

this method is that SMOSN have to be exposed to solvent shortly (3 s) during the transfer 

process. This may lead to possible degradation of SMOSN, therefore fully dry transfer method 

is desired to improve device performance. 

5. Prospective and outlook 
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Figure 18. Venn diagram for differnt techniques that developed for alignment and patterning 

of SMOSN.  

SMOSN possess superior electronic and optoelectronic properties and have been identified 

to be a promising system for device applications like OFETs, photodetectors and optical 

waveguide. The ability to realize aligned and patterned growth of SMOSN at desired locations 

with high uniformity is essential for their practical device applications, because disordered 

systems will cause large variation in device performance and thus very difficult to scale-up for 

large-area applications.[21,24,37,47] In this review, we focus on the recent advances that have been 

achieved for controllable assembly of SMOSN into highly ordered arrays and desired patterns 

at well-defined positions, and discuss their electronic/optoelectronic device applications 

(Figure 18). A broad range of small molecule organic functional materials have been 

successfully aligned and patterned on substrate through a wide variety of solution- or vapor- 

based techniques. Solution-processed methods including coating, printing and self-assembly 

based methods, hold advantages of low-cost and ease for large-area production,[24] while vapor-

processed methods possess the merit of outstanding crystal quality due to clean growth 

environment.[49] Patterned SMOSN arrays have been successfully applied in high-performance 

electronic devices including some integrated matrix like image sensors and logic circuits.[50,199]  

Despite all these progresses, there are still many problems that need to be addressed before 

SMOSN can be employed in large-scale industrial applications. First, high-throughput precise 

positioning of SMOSN at where the electrodes are located or patterned in high accuracy at 
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desired locations still remains difficult to achieve. Although the reviewed strategies are capable 

of realizing aligned/patterned growth of SMOSN, there are few reports about the accurate 

control over their locations and the alignment orientations.[36] Especially the incorporation with 

high resolution photolithography technique is still hindered by the incompatibility of organic 

materials with the operation environment of photolithography. Moreover, NW arrays usually 

can only be aligned in a certain orientation and it is hard to achieve complex patterns which are 

often required in integrated devices.[4,38,73] The ability of precisely patterning SMOSN 

determines the yield as well as integration level of SMOSN-based OFETs. Second, 

patterning/alignment techniques should be applicable to various flexible substrates. Organic 

materials have the inherent advantage of compatibility with flexible substrates, which makes 

them a promising system for applications in next-generation wearable and stretchable 

devices.[10,205-208] However, most of the present patterning techniques involve with organic 

solvents or high temperature process, and thus cannot be straightforwardly extended to flexible 

substrates. With the rapid development of flexible electronic devices,[29,45,130] it is highly 

desirable to realize the growth of aligned/patterned NW arrays on various stretchable and 

flexible substrates. Third, crystal quality and uniformity of NW arrays need to be improved for 

high-performance device applications.[36] High quality crystals have less grain boundaries and 

disorders, and correspondingly can greatly increase charge transport and thus enhance device 

performance. In addition, uniformity in size, shape and crystallinity of NW arrays can ensure 

the stability and reproducibility of devices, which are very important aspects for future practical 

device applications.[9]  

Thanks to the rapid development of patterning/alignment techniques, device applications 

based on SMOSN arrays have made tremendous progress in the last few years. However, 

several challenges still need to be settled to realize practical applications of SMOSN in organic 

electronics. First, mobility of SMOSN array-based devices is usually lower than that of single 

SMOSN-based devices, possibly due to the overlapped organic nanostructures between 
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electrodes, and the contact issues of semiconductor/electrode or interface issues of 

insulator/semiconductor. Second, though some device prototypes for integrated devices such as 

ambipolar transistors, complementary inverters, image sensors and logic circuits have been 

demonstrated,[50,66,130] the device density and yield need to be significantly improved for 

electronic circuit applications. Third, device integration should be feasible in a scalable and 

economical manner, since low cost and large area are key advantages for organic electronics. 

In spite of these challenges, given the extraordinary properties of SMOSN and the sustained 

advances in large-scale patterning and device fabrication techniques, it is unambiguous that the 

applications of SMOSN in organic electronics will have a bright future. 
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Large-area aligning and patterning of small-molecule organic semiconductor 

micro/nanocrystals (SMOSN) at desired locations is prerequisite for their device applications 

in practice. In this review, we highlight recent strategies for alignment and patterning of ordered 

SMOSN and their corresponding device applications.  
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