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Abstract: Electronic properties of organic semiconductor (OSC) thin films are largely

determined by their morphology and crystallinity. However, solution-processed small-

molecule OSC thin films usually exhibit many grain boundaries as well  as impure

grain orientations because of complex fluid dynamics during solution coating. Here,

we report a universal approach, water surface drag coating (WSDC), that relies on the

water surface to alter the evaporation dynamics of solution for enlarging the grain size,

and uses a unique drag-coating process to achieve the unidirectional epitaxial growth

of  the  organic  crystals.  Using  the  WSDC,  2,8-Difluoro-5,11-

bis(triethylsilylethynyl)anthradithiophene (Dif-TES-ADT) thin films with millimeter-

sized single-crystalline domains and pure crystallographic orientations are achieved.

As  a  result,  carrier  mobility  of  the  Dif-TES-ADT  thin  films  shows  over  400%

enhancement than that of conventional solution-coated thin films. The WSDC method
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offers  a  facile  route  to  enhance the  charge transport  properties  of  OSC thin films

toward high-performance, large-area flexible electronics application. 
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Introduction

Organic field-effect  transistors (OFETs) have attracted significant  attention because

they serve as fundamental building blocks for next-generation, flexible, and wearable

electronics1-4.  Among  organic  semiconductors  (OSCs),  small-molecule  OSCs  are

especially  interesting  since  they  have  traditionally  led  the  field  in  terms  of  high-

performance  devices5.  Significant  efforts  in  the  past  decade  have  been  made  in

molecular  design  and  synthesis  of  new  small-molecule  OSCs  with  optimized

molecular packing6-11, which has led to the mobility of OFETs over 10 cm2 V-1 s-1, on

par  with  polycrystalline  silicon  and  metal  oxide.  While,  in  practice,  their  OFET

performance is sensitively affected by the morphology and crystallinity of the thin

films, especially grain boundaries and crystal orientations12-15. Grain boundaries and

nonuniform crystal orientations will create charge transport barriers, exerting adverse

effects on the electronic properties16,17.

Meniscus-guided  coating  (MGC),  such  as dip  coating,  blade  coating,  solution

shearing,  and  zone  casting,  has  been  recognized  as  a  useful  technique  for  the

fabrication of OSC thin films with improved crystallinity and crystal orientations12,18-25

because it makes use of a unidirectional force to guide the growth of grains in OSC

thin films12,20.  However,  these thin films still  exhibit  many grain boundaries in the

lateral direction and impure crystal orientations12,13. The grain boundaries orthogonal

to the contact line are usually caused by the transversal depinning of solution due to

the limited wettability of the solution on the substrate26-29. Plenty of carrier trapping

centers arised from these grain boundaries will impair the charge transport properties
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of the OSC thin films30,31. Also, motorial meniscus in the conventional MGC methods

could cause a shearing fluid flow inside the solution and thereby induce a turbulent

mass transport,  which would lead to misaligned molecular  packing and disordered

crystal orientation.  It would greatly hinder efficient charge transport12,32-34 since the

optimal  charge  transport  direction  is  only  along  the  strongest  π  orbitals  overlap

direction. It is worth noting that the limitation of nonuniform crystal orientation is not

specific to  the  MGC methods,  but  is  commonly  observed in  other  solution-based

methods  as  well.  These  disadvantageous  fluid  dynamics  significantly  affect  the

efficient charge transport of the OSC thin films prepared from the MGC methods.

Therefore, it is in an urgent need to develop a new deposition strategy for OSC thin

films, which can thoroughly alter the unfavourable fluid dynamics and thus improve

the morphology and crystallinity of the resulting thin films. 

Using water surface as a growth substrate has recently been demonstrated  as a valid

route  for  achieving  OSC thin  film  with  large-sized  grains35-38.  Water  can  help  to

enhance the wettability of organic solution on the growth substrates by facilitating the

spreading of the solution on them. As a result,  large-sized grains with remarkably

reduced boundaries, especially in the lateral growth direction of the thin film, were

achieved.  Recent  efforts  have  been  devoted  to  further  increase  the  grain  sizes  by

regulating the properties of water36,37. While the lateral dimension of the grains can be

improved to subcentimeter level36, the area of obtained OSC thin films on the water

surface  is  still  less  than  ~0.1  cm2,  which  is  not  sufficient  for  scalable  device

applications. It is most likely due to the limitation that all the reported water surface-
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based approaches operate at molecular self-assembly process, where crystal growth is

lack of the guidance of a continuous and unidirectional force like that in the MGC

methods.  It  makes  the  self-assembled  crystals  can  hardly  grow  large,  and,  more

importantly,  the  crystal  orientation  of  the  grains  randomly distributed  and usually

uncontrolled35,38. As such, the reproducibility and uniformity of the devices are still far

from expectation.

Herein, we report a versatile water surface drag coating (WSDC) method that can

create  uniaxially  oriented  OSC  thin  films  with  single-crystalline  domains  in  the

millimeter  scale.  The  proposed method  combines  the  merits  of  continuous  lateral

crystal growth at the water surface and uniaxially epitaxial growth directed by a drag-

coating process in the longitudinal direction.  The fluid flow dynamics in the drag-

coating process are quite different from those in the conventional MGC methods. As a

consequence, sizes of the grains in the OSC thin films are remarkably enlarged, along

with the significant improvement of the order degree of the molecular packing. As a

result, carrier mobility of 2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene

(Dif-TES-ADT) thin films fabricated by WSDC method shows 400% enhancement

than that of the conventional blade-coating method. Flexible OFETs based on the Dif-

TES-ADT thin film exhibit record-high average and maximum mobilities of 9.82 ±

1.72 and 16.1 cm2 V-1 s-1, respectively.  This progress makes this strategy potentially

suitable for large-area manufacturing of flexible electronics based on small-molecule

OSC thin films.
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Results

WSDC  method. Fig.  1a  illustrates  the  WSDC  method  for  large-area  coating  of

uniaxially orientated OSC thin films. First, a drop of a mixed solution containing Dif-

TES-ADT/toluene and amorphous insulating polymer  polystyrene  (PS) was slowly

injected onto the water surface along the wall of the Teflon water tank (Fig. 1a-i). The

solution spread quickly across the water surface, forming a discrete OSC/polymer film

with  the  evaporation  of  toluene.  Then  we  utilized  it  as  a  sacrificial film  for  the

subsequent growth of OSC thin film. When we continued to add the mixed solution,

their spreading was observed to be blocked by the  sacrificial film. These solutions

were temporarily stored at the edge of the tank (Fig. 1a-ii). Then, we used a thin glass

bar to drag the sacrificial films, as shown in Fig. 1a-iii, the stored solution started to

spread again on the water surface. Computational fluid dynamics (CFD) simulation

also verifies the above spreading process of the solution on the water surface (Fig. 1b

and Movie S1).  With the stored solution continuous spreading,  the OSC thin  film

gradually grew out along the drag direction of the sacrificial film.  The formed OSC

thin film could cover the entire water surface with the area as large as 63 cm2, as

presented in Supplementary Fig. 1. Since the thin film formed on the water surface, it

could  be  readily  transferred  onto  a  variety  of  target  substrates,  including  SiO2/Si

substrate, paper, and polyethylene terephthalate (PET) (Supplementary Fig. 2). Fig. 1c

displays the photograph of the highly uniform Dif-TES-ADT thin film obtained on a 2-

inch PET substrate.  Polarized optical microscopy (POM) image reveals that the  Dif-

TES-ADT thin film comprises large-sized grains, and the film has almost no grain
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boundaries and structural defects in the millimeter-scale region. The  Dif-TES-ADT

grain in the thin film shows a consistent color when the growth direction of the thin

film (dragging direction)  is  45o relative to  the polarisers’  axes  (Fig.  1d).  However,

when the growth direction is parallel to the axis of the crossed polarizers, the whole

grain becomes dark (Fig. 1e). Such variation of POM images implies that the Dif-TES-

ADT  crystal domain possesses  single-crystalline  nature.  Moreover,  the  wide  and

length  of  the  single-crystalline  domain  can  be  extended  to  millimeter  scale

(Supplementary Fig. 3). In contrast, thin films produced by conventional blade-coating

method show either dendritic/faceted grains separated by narrow gaps at low coating

speed or a high density of grain boundaries separated by spherulitic crystals at a high

coating speed (Supplementary Fig. 4). These phenomena could also be observed under

other  fabrication  conditions  in  the  blade-coating  method,  e.g.,  concentration,

temperature,  and  solvent  (Supplementary  Figs.  4-6).  These  comparative  studies

suggest that the WSDC method can significantly reduce the grain boundaries of the

resulting  Dif-TES-ADT thin  film and thus  enlarge  the  corresponding crystal  grain

sizes.  Atomic force microscopy (AFM) displays the laminal morphology of the Dif-

TES-ADT thin film (Fig. 1i); the step height of the lamellar crystal is about 1.6 nm,

which is consistent with the thickness of the Dif-TES-ADT monolayer39. This is also a

typical  characteristic  of  layer-by-layer  growth mode of  OSCs40,41,  where  molecules

laterally  grow until  they coalesce into  a  continuous thin  film,  and then additional

molecules start to grow upon the pre-formed thin film and eventually form lamellar

crystals. 
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The  introduction  of  a  high-viscosity  PS into Dif-TES-ADT/toluene solution  can

ensure the stable spreading of  Dif-TES-ADT on the water surface and yield uniform

OSC thin films (see detailed discussion below). Meanwhile, the addition of PS will not

affect the crystallization behavior of Dif-TES-ADT molecules, because vertical phase

separation would occur in the mixed solution during the spreading process19,21,42. To

verify the vertical phase separation between Dif-TES-ADT and PS, the obtained thin

film was examined by cross-sectional transmission electron microscopy (TEM). The

sample was protected by an Au layer and then microtomed into ~450-nm thick slice by

using a focused ion beam. In low-magnification cross-sectional TEM view  (Fig. 1i,

left), a 66-nm thick PS thin film with bright color can be easily observed due to its low

crystallinity and electron density. An additional dark layer with ~4.8 nm thickness

could also be visible between the Au layer and the PS layer in a high-magnification

cross-sectional TEM image, which  can be attributed to the  Dif-TES-ADT thin film

(Fig. 1i, right). 

Our WSDC method also shows broad applicability to many widely used organic

semiconductor  molecules,  including p-type  2,7-didecylbenzothienobenzothiophene

(C8-BTBT) and n-type 6,13-bis((triisopropylsilyl)ethynyl)-5,7,12,14-tetraazapentacene

(TIPS-TAP). Supplementary Fig. 7 shows the orientated C8-BTBT and TIPS-TAP thin

films with  large-sized  single-crystalline  domains.  Moreover,  compared  with  the

corresponding blade-coated thin films, the grain size and the orientation of the drag-

coated thin films are also significantly improved by using the WSDC method.
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Crystallinity characterization. Fig. 2a shows the grazing-incidence wide-angle X-ray

scattering (GIWAXS) pattern for the Dif-TES-ADT thin film prepared by the WSDC

method. The thin film was transferred from the water surface to the SiO2/Si substrate

for detection. For comparison, Dif-TES-ADT thin film was also prepared on the SiO2/

Si substrate by the conventional blade-coating method. Note that the  Dif-TES-ADT

thin film prepared by the WSDC method exhibits a first-order out-of-plane scattering

point at qz = 0.39 Å-1, which is in good agreement with the (001) plane spacing of the

Dif-TES-ADT crystal. This suggests that the Dif-TES-ADT molecules in the thin film

have a stand-up orientation with respect to the substrate. In addition, the two intense

in-plane scattering signals, appearing vertically at a given qxy, can be indexed to {0, 1}

and {1, 1}, respectively. The multiple in-plane spots suggest that our  Dif-TES-ADT

thin film consists of large-sized grains.  In sharp contrast, the  blade-coated Dif-TES-

ADT thin film produces diffuse intensities around both the out-of-plane and in-planed

diffraction peaks along the Debye rings, which indicates that the crystal domains are

not well aligned in the blade-coated thin film. Based on these GIWAXS data, it can be

concluded  that  the  crystallographic  orientation  of  the  Dif-TES-ADT  thin  film  is

significantly  improved  by  using  the  WSDC method.  By  comparing  the  scattering

signals from different incident X-ray directions, the dominant crystal growth axis can

be deduced. When the incident X-ray beams are perpendicular to the crystal growth

direction (the drag-coating direction), (01l) diffractions related to b axis in the crystal

lattice are observed. However, for the parallel incident X-ray beams, the intensities of

(01l)  diffractions  are  significantly  weakened  (Fig.  2c).  The  apparent  discrepancy
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manifests  that  crystal  domains  in  the thin  film have a uniaxial  growth orientation

along the b axis. 

Crystallinity of the Dif-TES-ADT thin film is further examined by using select-area

electron diffraction (SAED). The SAED patterns were randomly collected from three

different regions in one crystal  domain,  which displayed a single set of diffraction

spots  of  (100)  and  (010)  crystal  planes  (Figs.  2d,  e).  This  indicates  the  single-

crystalline nature of the crystal domain and the fact that the Dif-TES-ADT thin film

tends  to  grow  horizontally  along  ab-plane  and  vertically  along  c axis.  Identical

diffraction patterns were observed from the other areas of the same crystal domain

(Supplementary Fig. 8), suggesting that these crystal domains are single crystals with

unitary crystallographic orientation. To further evaluate the molecular ordering inside

the crystal domain, polarized Raman spectroscopy measurements were performed, as

shown in Fig. 2f. The peaks located at 1374 and 1528/1578 cm-1 are associated with

short- and long- axis vibrational modes along the conjugated backbone, respectively43.

As the polarization angle of the incident laser aligns parallel to one of the two axes of

the  conjugated  backbone,  a  maximum intensity  of  the  Raman  scattering  signal  is

detected. With the polarization angle rotated by 360o, the intensities of the scattering

signals  associated  with  the  long  axis  vibration  of  the  molecule  rise  and  fall

periodically (Fig. 2g). This highly pronounced behavior evidences that the molecules

inside the crystal domain are stacked orderly. Further structural information of the Dif-

TES-ADT  crystal domains was gained from high-resolution AFM. Crystal structure

and lattice constants were extracted from Fast Fourier Transform of the AFM images

10



measured from 40 areas on the same crystal domain. Crystal structure of the Dif-TES-

ADT thin film is determined to be triclinic with herringbone-type packing and lattice

constants  of  a =  0.74  ±  0.15  nm,  b =  0.76  ±  0.21  nm,  and  a =  73.3  ±  1.8o

(Supplementary Figs. 9, 10), which is consistent with that of bulk crystals39.

Enhancing the lateral growth of OSC thin film.  In conventional MGC methods,

solution wetting on a solid substrate  (e.g., SiO2/Si)  is usually partial and incomplete

(Supplementary  Fig.  11a);  therefore,  solution  near  the  contact  line  would  shrink,

producing a “fingering-like” contact line (Figs. 3a, i, ii, and Supplementary Fig. 11b).

This would cause molecular aggregation with uneven distributions, as shown in  Fig.

3a-iii. As a result, the OSC thin films produced by the conventional MGC methods

usually consisted of 1D dendritic crystals that were orthogonal to  the receding contact

line (Supplementary Figs. 4-6). In our WSDC method, water with high surface tension

was used as the growth substrate. When organic solution with low surface tension was

dropped  on the  water  surface,  surface  tension  gradients  would  cause  spontaneous

solution spreading, which is called surficial Marangoni flow (Fig. 3b-i). The surficial

Marangoni flow could  cause  a  complete  wetting  of organic  solution  on  the  water

surface so that the solution contact line would be strongly pinned on the water surface.

This could prevent fluid shrinking along the lateral growth direction (Fig. 3b-ii). In

this case, the  evaporation dynamics of the  fluid was changed from “constant contact

angle (CCA)” mode to  “constant contact radius (CCR)” mode before crystallization.

This  CCR  mode  could  effectively  avoid  the  “coffee-ring”  effect  and  facilitate  a
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homogenous distribution of molecules on the solution spreading area44,45. As a result,

the lateral growth of OSC thin films was enhanced, which would substantially increase

the size of  single-crystalline domains and thus reduce the lateral  grain boundaries

(Fig. 3b-iii).

In order to  have a deep insight into the  lateral growth model, we  investigated the

morphologies of the thin films obtained from different concentrations of Dif-TES-

ADT. Figs. 3c-e show the morphology evolution of the thin films with increasing the

Dif-TES-ADT concentration in the solution. At a concentration below 0.8 mg mL-1,

discontinuous monolayer (ML) crystal domains, as shown in Fig. 3c, were obtained

due to insufficient molecules supply. With the concentration increased to 1.2 mg mL-1,

the discontinuous crystals  became coalesced and gradually grew into a continuous

monolayer film. Notably, we also observed the next layer of crystals on the top of the

Dif-TES-ADT monolayer (Fig. 3d). This scenario is well consistent with the lateral

growth mode. Nevertheless, if we further increased the concentration to 2.0 mg mL-1

or more, many small grains with heavy thickness were observed on the top of the Dif-

TES-ADT thin film (Fig. 3e), implying that the lateral growth mode has transformed

to the upward island growth mode. 

The enhanced lateral growth mode was further characterized by in-situ 2D grazing

incidence  X-ray  diffraction  (2D-GIXRD)  (Figs.  3f-h).  Weak  diffraction  pattern

attributed to PS (Fig. 3g) was first detected when the mixed solution was dropped on

water surface after 3s  (t = 3s).  This suggested that in the Dif-TES-ADT: PS blend

solution, PS molecules first precipitated out due to its much lower solubility in toluene
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than that of Dif-TES-ADT. With the toluene evaporated (t = 8s), two intense in-plane

diffractions appeared, as shown in Fig. 3h, which can be indexed to be (014) and (113)

planes of Dif-TES-ADT. The emergence of these diffractions indicated that Dif-TES-

ADT crystals began to grow. Meanwhile, no diffraction spots were detected in the qz

(out-of-plane) direction. These results collectively confirm that in the beginning, the

Dif-TES-ADT molecules  preferentially  grow along the in-plane direction and form

monolayer  thin  film,  which  coincides  with  the  lateral growth  mode.  After  full

evaporation of the solvent (t = 18s), multiple out-plane and in-plane diffraction spots

appeared, indicating that the final obtained  Dif-TES-ADT crystals consist of multi-

stacked layers (Fig. 3i).

Epitaxial longitudinal growth of OSC thin films. The growth of Dif-TES-ADT thin

film experiences three stages, as illustrated in Figs. 4a-c. After the formation of the

sacrificial film, further added solution was stored at the tank edge, some of the Dif-

TES-ADT molecules would precipitate out to form crystal nuclei at the contact line,

and surficial Marangoni flow should have cause spontaneous solution spreading on the

water surface. However, the existence of sacrificial film blocked their further motion,

as shown in Fig. 4a. When the sacrificial film was dragging, the surficial flow would

be retriggered, which would induce the stored solution to spread toward the contact

line again and push the formed crystal nuclei to move. With the evaporation of the

solution at the contact line, Dif-TES-ADT molecules would gradually precipitate out

and  crystallize  at  the  nuclei via self-assembly.  These  deposited  crystals  would  be
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pulled away from the contact line with the dragging of the sacrificial film, as shown in

Fig.  4b.  If  the  dragging  speed  was  very  close  to  the  crystallization  rate,  the

precipitation and removal of the crystals could reach a balance, which could make the

contact  line  maintain  its  original  position  during  the  crystal  growth  process

(Supplementary  Fig.  12).  In  this  case,  the  location  of  the  whole  solution  kept

stationary, and the crystal growth occurred almost in a steady state. As the solvent

evaporated,  the  evaporation-induced  capillary  flow  would  transport  molecules

unidirectionally to the contact line. Once these molecules were deposited out and grew

along the nuclei at the contact line, they would be taken away immediately. With the

sustained and stable molecular  transport,  continuous epitaxial  growth of  Dif-TES-

ADT crystal occurred. It should be noted that the crystal growth was directed along

the dragging direction, enabling the formation of uniaxially oriented OSC thin films

(Fig.  4c).  More  importantly,  no  external  forces  were  applied  on  the  solution  (the

dragging force was applied on water and transmitted through the sacrificial film to

make the crystal move); thus, the crystal growth was more like an equilibrium-state

self-assembly process. Such epitaxial growth ensured the resulting thin films with high

crystallinity and uniform orientation. In contrast, conventional MGC methods usually

operate under non-equilibrium conditions, where external shear force is often imposed

directly on the solution either by a coating head or by the substrate. The distribution of

the shear forces inside the solution is uneven (Fig. 4d), which would cause turbulent

and instable fluid flow, as shown in Fig. 4e. It has been reported that the unstable fluid

flow  within  the  solution  could  lead  to  disordered  mass  transport  to  the  contact
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line12,33,46. This would cause molecules irregularly aligned within the deposited crystals

(Fig.  4f).  Therefore,  the degree of molecular  orientations  within the resulting thin

films would be greatly reduced. 

Next,  we  utilized  Near-edge  X-ray  Absorption  Fine-Structure  (NEXAFS)

Spectroscopy to further assess the molecular orientations in the thin films fabricated

by the WSDC method and conventional MGC method (e.g., blade coating at SiO2/Si

substrate), respectively. NEXAFS spectra were probed at different angular orientations

with respect to the electric field polarization vector of the synchrotron light by rotating

the samples. The geometry adopted in the measurements is illustrated in Fig. 4g. The

morphologies of the as-prepared thin films were presented in the insets of Fig. 4h, i. In

the NEXAFS spectra, the peaks located at 284-287 eV correspond to the transition

from the C1s core-level to antibonding π* orbitals of the conjugated backbone42. In the

drag-coated thin film, the intensities of these peaks show significant rotation angular

dependence  (Fig.  4h).  In  particular,  when  the  conjugated  backbone  planes  were

oriented  perpendicular  to  the  electric  field  (incident  angle  θ =  90o),  a  maximum

intensity of  the transition peaks was observed.  While  the intensity  of these peaks

became minimized when the  electric  field  was  oriented  parallel  to  the  conjugated

backbone planes (θ = 20o). The above results show a well-oriented molecular packing

inside the drag-coated  Dif-TES-ADT thin film.  While, the NEXAFS spectra for the

blade-coated Dif-TES-ADT thin film showed very weak angle dependence,  implying

that molecules were weakly aligned inside the crystals (Fig. 4i). These results clearly

manifest  that  the  WSDC method  can  significantly  improve  the  molecular  packing
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orientations in the resulting crystals. 

Control experiments.  Spreading coefficient (S) of the organic solution on the water

surface plays a crucial role in our WSDC method. S is defined by the surface tensions

at the contact line between a liquid droplet and substrate47, where S = γ1 - γ2 - γ12 (γ1 and

γ2 are  the  surface  tensions  of  water  and  the  solution,  respectively,  and  γ12 is  the

interfacial surface tension) (Supplementary Fig. 13a). When 1,2-dichlorobenzene (o-

DCB) with a large γ2 of 36.6 mN m-1 was used as the solvent, the S was -4.25 mN m-1,

thus the solution was observed to ball on the edge of the water tank47, and aggregated

crystals were eventually formed after solvent evaporation (Supplementary Figs. 13b,

c). In order to realize the spontaneous spreading of the solution on the water surface,

the solvent is normally required to have a relatively small γ2 to make S positive. Thus,

we chose toluene (γ2 = 25 mN m-1) as the  solvent  in the WSDC method, which was

reported  to  have  a  postive  S of  8.2 ± 1.2  mN  m-1  48.  As  expected,

Dif-TES-ADT/toluene was observed to have a good spontaneous spreading on water

surface. Furthermore,  S also decides the velocity of the surficial flow of the solution

on the water surface. Since γ1 is fixed and γ2 is not influenced by the addition of PS

(Supplementary Fig. 14), we changed the molecular weights (Mw) of PS to control γ12

to achieve the modulation of S. As shown in Supplementary Fig. 15, we plotted S as a

function of the Mw of PS. When the Mw of PS varied from 925 to 2000 kDa,  S

showed an apparent decrease. When S was larger than ~13 mN m-1, turbulent solution

flow was observed on the water surface (Supplementary Figs. 16a-d), resulting in the
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formation of small and disconnected crystal domains (Supplementary Figs. 16g, h).

However, when PS with Mw higher than 925 kDa was used, S became relatively small,

the flow on the water surface became steady as well  (Supplementary Figs. 16e, f).

Such stable surficial flow of solution can provide stable mass transport for molecular

assembly, and thus promote long-range ordered crystallization of the OSC. As a result,

high-quality  crystalline  thin  films  with  uniaxial  crystal  orientations  were  achieved

(Supplementary Figs. 16i, j). It can be seen that the Mw of PS strongly influences the

stability of the surficial flow of solution on the water surface and thus the crystal

quality and molecular orientations of the resulting thin films. 

Morphologies and crystallization qualities of the resulting thin films fabricated by

the WSDC method are also closely correlated with the dragging speed (Supplementary

Fig. 17). If the dragging speed (e.g., 0.15 mm s-1) was slower than the crystallization

speed (Vc) of Dif-TES-ADT, the precipitated crystals could not be taken away in time,

which would cause molecular aggregation at the contact line and eventually generate

thicker films with small domains. If the dragging speed (e.g., 0.5 mm s-1) was faster

than the  Vc,  the solution around the contact line had not fully evaporated after the

dragging,  causing  the  pooling  of  solution  on  the  water  surface.  Nonuniform

crystallization would occur due to the “coffee-ring” effect. Only when the dragging

speed (0.25 mm s-1) was very close to the Vc, a continuous and smooth thin film with

large single-crystalline domains could be achieved.

Charge transport  properties  and application on flexible  OFETs.  To assess  the
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charge transport  properties  of the resulting  Dif-TES-ADT crystalline thin film,  we

transferred it onto a SiO2/Si substrate and fabricated bottom-gate top-contact (BCBG)

OFETs. Before electrical measurements, all the OFETs were patterned by mechanical

scratches  to  avoid the fringe current.  For comparison, OFETs based on the blade-

coated thin films, which were prepared under different coating conditions, were also

fabricated  with  the  same device  configuration.  Fig.  5a  depicts  the  typical  transfer

characteristics of a representative OFET based on the  Dif-TES-ADT crystalline thin

film fabricated from WSDC method. Significantly, the device exhibited a field-effect

mobility (μ) as high as 15.3 cm2 V-1 s-1 from the saturation region, along with a large

on/off ratio of 1.45 × 107. In addition, the average mobility of 45 devices on the same

substrate  was  calculated  to  be  10.1  ±  2.5  cm2 V-1 s-1 (all  devices  are  shown  in

Supplementary Fig. 18). In a sharp contrast, all of the OFETs based on the Dif-TES-

ADT thin films perpared under  various  blade-coating conditions  exhibited inferior

device performance with a maximum average mobility of 2.14 cm2 V-1 s-1 (Fig. 5b and

Supplementary Fig. 19). A 470% increase of average mobility of OSC thin films was

achieved (2.14 to 10.1 cm2 V-1 s-1) through the WSDC method. Moreover, comparing

with  the  mobility  of  the  Dif-TES-ADT  material  in  the  previous  reports19,39,49-58,

mobility of the Dif-TES-ADT thin film fabricated from WSDC method also shows a

remarkable enhancement, reaching one of the best results of Dif-TES-ADT OFETs to

date (Fig. 5c). The outstanding device performance of the drag-coated thin films was

attributed  to  the  reduced grain  boundaries  as  well  as  the  enhanced  uniformity  of

molecular orientations in the crystals. The excellent device performance also testified
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the superiority of the WSDC method. 

Since  the  Dif-TES-ADT  thin  film  was  formed  on  water  surface,  it  could  be

directly transferred onto any desired flexible substrate for device application. Fig. 5d

shows  the  Dif-TES-ADT thin  film-based  flexible  OFETs with  a  BCBG geometry,

which composes of 50 nm Au as the source (S) and drain (D) electrodes, 310 nm SU-8

and 60 nm Al2O3 as gate dielectric layers, and 100 nm Al as gate electrodes. The

typical channel width and length are 25 and 150 μm, respectively. The representative

transfer  and  output  characteristics  of  the  device  are  shown  in  Figs.  5e,  f.  The  μ

extracted from the transfer characteristic in the saturation regime reaches as high as

16.1 cm2 V-2 s-1. It is observed that the device shows an outstanding linear transfer

characteristic, which thus allows the most accurate mobility calculation. Meanwhile,

the flexible OFET exhibits a large on-off current ratio of ~106, a small subthreshold

slope of 0.78 V per decade, and a negligible VT of -1.2 V. The negligible hysteresis and

stable μ over a broad Vg range (Fig. 5g) reflect the high quality of the semiconductor-

insulator  interface  and  the  absence  of  adverse  effects  from  nonlinear  contact

resistance.  Furthermore,  9  ×  9  flexible  OFET arrays  were  measured  on  the  same

substrate (Supplementary Fig. 20), yielding a high average and maximum μ of 9.82 ±

1.72 and 16.1 cm2 V-2 s-1, respectively (Fig. 5h). The maximum μ value is superior to

the state-of-the-art flexible OFETs (Fig. 5i)59-67, and the performance of flexible OFETs

exceeds the benchmark mobility of 10 cm2 V-2 s-1 for the first time. The remarkable

improvement  in  flexible  OFET  performance  has  facilitated  impressive  application

demonstrations, including high-resolution, flexible ultrahigh definition displays, high-
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frequency  radio  frequency  identification  (RFID)  tags,  and  high-speed  flexible

circuits3,5. It is noteworthy that the reported fabrication techniques for high-mobility

OSC thin films are established on the rigid, flat and smooth substrates12,19,23,42, which

are very difficult to be migrated on the uneven flexible substrates. This is probably the

main reason that the performance of the reported flexible OFETs is remarkably lower

than that of the corresponding devices on the rigid substrates. However, in the WSDC

method,  the  high-quality  OSC  thin  films  were  prepared  on  water  surface,  thus

removing the effect on the morphology and crystallinity of OSC thin films caused by

the  substrates.  This  guarantees  that  the  high-performance  flexible  OFETs  were

achieved through WSDC. 

Discussion

In  conclusion,  we  have  developed  a  versatile  WSDC method  that  can  obviously

reduce  the  densities  of  grain  boundary  as  well  as  improve  the  crystallization

orientations of the resulting OSC thin films. As a result, uniaxial-orientation Dif-TES-

ADT thin  film with millimeter-scale  single-crystalline  domains  was demonstrated,

and over 400% enhancement of charge carrier mobility of the Dif-TES-ADT thin film

was  successfully  achieved.  GIWAXS  and  polarized  Raman  spectroscopy

measurements verified the highly crystalline nature and ordered molecular packing

inside  the  thin  film.  The  thin  film  formation  process  had  been  systematically

investigated by in situ GIXRD as well as the CFD simulation. Water surface could

prevent  the fluid shrinking along the lateral  growth direction  and gave rise to the
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“CCR” mode of  evaporation,  which  facilitated  a  homogenous  lateral  assembly  of

organic molecules and thus substantially reduced the lateral grain boundaries. In-situ

GIXRD measurements  confirmed the  lateral  growth model.  Meanwhile,  compared

with the conventional MGC techniques, the drag coating process provided more stable

molecule  transport  along  the  dragging  direction;  thus,  continuous  epitaxial

longitudinal growth of crystals was successfully achieved under an equilibrium state.

As a result,  uniaxial-orientation Dif-TES-ADT thin film was attained.  Synchrotron

radiation NEXAFS measurements evidenced the much-improved degree of molecular

packing order inside the drag-coated thin films than that of conventional blade-coated

thin  films.  OFETs  made  from  the  Dif-TES-ADT  thin  films  exhibited  4.7-fold

improvement of the average carrier mobility (10.1 cm2 V-1 s-1) than that of the blade-

coated Dif-TES-ADT thin films (2.14 cm2 V-1 s-1). Moreover, thin films fabricated by

our method could be easily applied to fabricate flexible OFETs. An excellent carrier

mobility of 16.1 cm2 V-1 s-1 was successfully attained for the Dif-TES-ADT thin films,

which is among the highest for the flexible OFETs. Therefore, the proposed WSDC

method is  ideally  suitable  for the fabrication  of high-quality  OSC thin films with

highly  aligned  crystalline  domains  toward  flexible  and  high-performance  organic

electronics.

Methods

Materials. PS with different molecular weights were purchased from Sigma-Aldrich.

Dif-TES-ADT,  C8-BTBT,  and  TIPS-TAP  were  purchased  from  Luminescence

Technology Corp. and used as received without any further purification.
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Fabrication of OSC thin films. All the small-molecule OSCs and PS were dissolved

in toluene with a concentration of 10 mg mL-1. The OSC and PS solutions were stirred

for ~2 h before mixing them in 1:1 and 1:4 w/w ratio. First, 30 μL Dif-TES-ADT/PS

mixed  solution  was  slowly  injected  into  the  edge  of  the  Teflon  water  tank.

Subsequently, the pre-formed Dif-TES-ADT sacrificial layers were dragged by a bar at

a constant velocity along a fixed direction. After that, Dif-TES-ADT thin film could

cover the entire water surface. The brag speeds in the WSDC method explored range

between 0.15 and 0.5 mm s-1. For comparison, the blend solutions were blade coated

using a set-up described in detail elsewhere. Blade coating was performed at wide

speeds from 0.1 to 0.75 mm s-1 under different temperatures.

Characterizations of OSC thin films.  The morphologies were characterized by a

cross-polarized optical microscope (Olympus BX51) and AFM (Cypheres). For high-

resolution  AFM,  the  experiments  were  performed  on  an  Asylum  Cypher  under

ambient conditions using Asylum ARROW UHF AFM tips. The crystalline structures

were further investigated by TEM (FEI, Tecnai G2 F20) and SAED operating at a 200

kV accelerating voltage. The GIWAXS were performed at Berkeley Lab’s Advanced

Light  Source  (ALS).  The  2D-GIXRD  measurements  were  performed  at  BL14B1

beamline  (10  keV)  at  Shanghai  Synchrotron  Radiation  Facility. NEXAFS

measurements were performed at the bending magnet beamline 20A1 of the National

Synchrotron Radiation Research Center (NSRRC), with a ring current of 500 mA. The

NEXAFS resolution was set to 0.1 eV for carbon. A Horiba LabRAM HR coupled

with a confocal microscope was used. A 633 nm laser source provided excitation for

all the measurements, focused through a × 50 long working distance objective. The

polarization  of  the  monochromatic  light  was  altered  using  a  rotating  quarter

wavelength plate.
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OFETs fabrication. Highly doped silicon wafers with 300-nm SiO2 oxide layer were

used as  the  substrates.  The substrates  were  first  scrubbed with  a  brush dipped in

acetone and ultrasonicated in pure water, acetone, and isopropyl alcohol, respectively.

Then these substrates were dried in the oven at 100oC. The OSC thin films obtained by

the WSDC method were transferred on the SiO2/Si substrates. Phase separation of the

PS and the OSCs results in bilayer dielectric films (66-nm thick PS and 300-nm thick

SiO2), and the measured capacitance was about ~7.24 nF cm-2 (Supplementary Fig.

21). Finally, Au source and drain electrodes were thermally evaporated through a wire

shadow mask  with  a  channel  length  of  25  μm and  a  channel  width  of  150  μm,

respectively. For the flexible device fabrication, an Al-covered PI substrate with a 60-

nm  thick  Al2O3  and  a  310-nm  thick  SU-8  double-layer  dielectric  was  used.  The

measured capacitance was about ~6.49 nF cm-2 (Supplementary Fig. 22). Then the

OSC  thin  films  obtained  on  the  WSDC method  were  transferred  on  the  flexible

substrates.  Similarly,  Au  source  and  drain  electrodes  were  thermally  evaporated

through a wire shadow mask with a channel length of 25 μm and a channel width of

150 μm, respectively. The electrical characterization was performed using a Keithley

4200-SCS semiconductor parameter analyzer.

Data availability

All the data supporting the findings in this study are available in the manuscript and in

Supplementary  Information.  Further  data  and  methods  are  available  from  the

corresponding authors upon request.
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Figures and captions

Fig. 1 Dif-TES-ADT thin films fabricated by WSDC method. (a) Schematic diagram

for the fabrication of OSC thin films by using the WSDC method. (b) CFD simulation

of the spreading process of the solution on the water surface. (c) Transferred Dif-TES-

ADT thin film on a 2-inch PET substrate. (d,  e)  POM images of the  Dif-TES-ADT

thin  film fabricated  from  the  WSDC  method.  The  crossed  arrows  indicate  the

orientations  of  crossed  polarizers.  (f)  AFM image of  the  Dif-TES-ADT thin  film.

Inset:  height  profile  along  the  black  line.  (g)  Cross-sectional  TEM  image  of  the

resulting Dif-TES-ADT thin film.
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Fig.  2 Characterizations  of the  crystalline  quality  of  the  Dif-TES-ADT thin  film.

GIWAXS images of the  Dif-TES-ADT thin film fabricated from (a) WSDC method

and (b) conventional blade coating method. (c) In-plane XRD patterns for (010) peak

detection with the X-ray perpendicular and parallel to the dragging direction. (d) TEM

image  of  the  crystal  domain  within  the  Dif-TES-ADT thin  film  and  (e)  its

corresponding  SAED  patterns  collected  from  different  areas.  (f)  Raman  spectra

captured under different polarization angles (0o and 90o). (g) Intensities of the long

axis  vibration  (1528  cm-1)  of  the  Dif-TES-ADT  molecule  versus the  polarization

angles. 
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Fig.  3  Lateral  growth  mode  of  the  Dif-TES-ADT thin  film on the  water  surface.

Schematic  illustrations  of  molecule  assembly  on the  (a)  SiO2/Si  substrate  and (b)

water surface. (c-e) AFM images of the morphology evolution of the  Dif-TES-ADT

thin film with increasing the Dif-TES-ADT concentration. From left to right, the Dif-

TES-ADT solution concentrations are 0.8, 1.2, and 2 mg mL-1, respectively. (f-h) In-

situ GIXRD measurement performed during the drying process of Dif-TES-ADT: PS

blend solution.
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Fig.  4  Orientated  growth  of  OSC  thin  films. (a-c) Schematic  illustration  of  the

formation of  Dif-TES-ADT thin film during the dragging process.  (d-f)  Schematic

illustration of the formation of  Dif-TES-ADT thin film through blade coating. The

arrows indicate the mass transport. (g) Schematic illustration of geometry adopted for

the NEXAFS measurements. θ denotes the angle of the incident X-ray. Carbon K edge

NEXAFS spectra for the Dif-TES-ADT thin films prepared from (h)  WSDC method

and  (i)  blade-coating method  at different  θ angles. Insets show  POM images of the

Dif-TES-ADT thin films prepared from the WSDC method and blade-coating method,

respectively.
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Fig. 5  Charge transport properties of the  Dif-TES-ADT thin film grown by WSDC

method  and  high-performance  flexible  OFETs.  (a) Representative  transfer

characteristic  of  the  Dif-TES-ADT thin  film-based OFET prepared  on the  SiO2/Si

substrate. (b) Comparison of mobilities for Dif-TES-ADT thin films fabricated by the

WSDC method and blade coating. (c) Comparing mobility of Dif-TES-ADT material

of this work and references19,39,49-58. (d) Photograph of the flexible OFETs based on Dif-

TES-ADT thin film prepared from the WSDC method.  (e) Transfer and (f) output

characteristics of the flexible OFET device,  and (g)  corresponding mobility  versus

gate voltage curve. (h) Mobility distribution of 81 flexible OFET devices on the same

substrate. (i) Distribution of the maximum mobility of organic flexible OFETs in the

references59-67 and this work.
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