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Note 1. Estimation of trapped liquid film thickness between PDMS plate and 

substrate  

Silicon wafer and PDMS film (2-mm-thick) were treated with oxygen plasma for 3 min 

(Gas flow rate: 9.7 sccm; Pressure: 0.5 mbar; Power: 150 W). A drop of solution with 

controlled volume was casted onto silicon wafer with micropipette and subsequently 

pressed using the PDMS film, which was laminated on a glass-backplane, against the 

substrate with applied pressure of ~5 MPa. Then, we evaluated the area of the spread 

liquid film sandwiched between the substrate and PDMS. The liquid film thickness was 

estimated by dividing the liquid volume by the estimated area of liquid film. The 

estimated liquid thickness is 400~600 nm. 

 

Note 2. Self-catalysis and concentration-wave formation in an uphill-diffusion 

system 

In a molecule-solvent binary spinodal system (M-S), when the system is driven into a 

state of oversaturation (through solvent evaporation or cooling the solution from high 



temperature), the system becomes unstable. We use one-dimensional model to illustrate 

the wave formation process. If there is a small undulation of concentration at a point 

(small concentration enhancement of M, indicated by 1), a concentration gradient at the 

left and right side of the small hump is created (around point a) (Supplementary Fig. 

3a). Because of the uphill diffusion, the solute M around the hump will diffuse to the 

hump region, and the hump is enlarged gradually. This leads a depletion of M at the 

two sides of the hump and this is expressed with two negative humps (indicated by 2). 

Again, new regions of concentration gradient are created (indicated by point b) 

(Supplementary Fig. 3b). The uphill-diffusion of M creates two new humps (indicated 

by 3) (Supplementary Fig. 3c). This process further continues (Supplementary Fig. 3d) 

and forms a concentration wave. We would like to stress that the solvent diffusion is 

not shown in the figure for simplifying the illustration. The diffusion of solvent is in 

the opposite direction of solute molecule diffusion during the formation of 

concentration waves. 

 

Note 3. Undercooling and energy stored in solution film 

We propose a simple expression of energy stored in undercooled solution. A schematic 

illustration of the molecules-solvent binary spinodal system is shown in Supplementary 

Fig. 4. For a state (concentration C, temperature T) within the spinodal region, where 

the homogeneous solution is unstable against infinitesimal fluctuations in density or 

concentration and separates into two phases with well-defined size, i.e., spinodal 

precipitation (inset). We examine a solution with concentration C. When the solution is 



at point P which is located above the point Q on the spinodal curve, the solution is clear. 

If the solution is gradually cooled down to room temperature Tr, a spinodal precipitation 

occurs and a random structure will be obtained. Assume that one can maintain the 

system very stable during the solution cooling to temperature Tr without the happening 

of precipitation. Then, the solution is oversaturated, and the degree of oversaturation 

can be expressed with undercooling T=Tsp-Tr. In our system, the experiment starts 

from the state (C0, Tr) with Tr keeps unchanged. With solvent evaporation, the 

concentration moves through C to concentration C without precipitation. In this case, 

the solution is also under saturated condition and can be expressed with undercooling 

(i.e., T) which is induced by concentration change. Such concentration-induced 

undercooling is named as concentration undercooling in solidification physics. We can 

approximately express the energy of the undercooled liquid film with undercooling-

induced energy-deviation from equilibrium (with reference to the equilibrium phase, 

i.e., transition point at spinodal curve) and surface energy. For a unit volume of solution, 

the former can be expressed as TCp and the latter can be expressed as (1+2)Sint. 

where Cp is specific heat, 1 and 2 are the energy density of interfaces between 

PDMS/solution and solution/substrate, Sint is the area of single interface for unit volume 

solution. A unit volume of solution is expressed as 1=(a+b) Sint, where a+b is the 

thickness of solution. Thus, Sint=1/(a+b) and we have E= TCp + (1+2)/(a+b), 

where T can be expressed by (C-C), and C is concentration on the spinodal curve 

corresponding to experimental temperature,  is the slope of left branch of the spinodal 

cure. Then we have: 



𝐸 = (𝐶 − 𝐶 )𝐶𝑝 + (𝜎1 + 𝜎2) (𝑎 + 𝑏)⁄  

This is a very rough expression for the energy ~ concentration dependence. Better 

expression which contains more information, like nonlinearity of the system, is required.  

 

Note 4. Observation of line instability  

We have attempted to understand the line instability and branching mechanism use in-

situ optical microscopic observation. As the allowed observation time and field of view 

is very limited, we use 1,2-dichlorobenzine as solvent (10 mg C8-BTBT/ml) to extent 

the drying time. Although the formed structures are much less regular than that formed 

with C8-BTBT-chlorobenzene system, it still allows us to capture many useful 

information. Supplementary Fig. 7 shows video frames of different moments taken 

during the experiment. Frame (a) in Supplementary Fig. 7 shows no clear sign of pattern 

formation. In frame (b) of Supplementary Fig. 7 we see an emerged line (we name it as 

first primary line) and branching from it; while second primary line generation starts to 

begin. In frame (c) of Supplementary Fig. 7, the emerged second primary line repeats 

the branching process of the first primary line, and third primary line generation starts 

to begin. One can see that the branches grown from the first primary line and second 

primary line are nearly collectively aligned. Such sequentially repeated line-generation 

and line-branching is the mechanism of forming 2D patterned structure through line 

instability. 

 

Note 5. Experiment for exclusion of Rayleigh-Bénard (R-B) mechanism 



Rayleigh-Bénard system is formed with two parallel plates and a liquid film is 

sandwiched between them. Rayleigh-Bénard pattern-generation requires a balance 

between upwelling induced by temperature gradient and downward flow caused by 

gravity. In this case, the temperature of bottom plate is higher than that of the top plate, 

i.e., the direction of gravity (g) is the same as the direction of temperature gradient T 

(the temperature gradient is directed from low temperature to high temperature). In our 

experiment, if the pattern formation is generated by Rayleigh-Bénard mechanism the 

temperature of bottom plate must be higher than the top plate for some reason 

(Supplementary Fig. 8a). Once we turn the system upside down, the direction of gravity 

will not consistent with the direction of temperature gradient (Supplementary Fig. 8b). 

This means that if we can observe Rayleigh-Bénard patterns for the first case they will 

not exist in the second case. 

 

Note 6. Mechanism of pattern condensation from solutions onto the substrates   

The pattern condensation on to a substrate could be completed with following proposed 

process (Supplementary Fig. 9). With the concentration-wave generation, precipitation 

starts from the peak regions of the waves and deposits onto the substrate to from a solid 

(or half-solid) pattern. At this stage the solution maintains a continuous liquid film. At 

later stage, with further reduction of the liquid volume, massive air is trapped-in and 

free liquid surface forms. Since the substrate surface is more hydrophilic the residual 

liquid prefers to stay at the substrate side. The organic materials are hydrophobic (see 

Supplementary Fig. 10) and the residual liquid is patterned into small units by the 



structured organic materials. The perimeters of the patterned liquid are pinned at the 

edges of the organic structures. This proposal is supported by previous works, where 

surface energy barrier created with organic molecules has been used to pattern liquid 

(J. Z. Wang et al. Nat. Mater. 3, 171 (2004)). The surface tension of the patterned liquid 

induces a coffee-stain effect where the solute is driven further to the edge regions until 

the residual liquid dries out (R. D. Deegan et al. Nature 389, 827-829 (1997)). The 

proposed process is also supported with some defects of the generated pattern where 

the coffee-stain effect did not work effectively, and the patterned small liquid dried out 

uniformly (See Supplementary Fig. 11). 

 

 

 

Supplementary Fig. 1 | Schematic illustrations of experimental setup used in this work 

for (a) ex-situ and (b) in-situ observation. 



 

Supplementary Fig. 2 | Contact angle measurement of water droplets on the surfaces 

of PDMS plate for plasma-untreated (a) and treated with oxygen plasma for 3 min (b). 

The measured contact angles are 109.96 and 10.44, respectively. 

 

 

Supplementary Fig. 3 | Schematic illustration of concentration-wave formation 

process in an uphill-diffusion driven binary spinodal solution system. The system is a 

solution formed with molecule (M) and solvent (S). For simplicity, only molecule 



diffusion direction is indicated (black arrows).  The molecule concentration C(M) and 

position (X) are indicated in (a).   

 

 

Supplementary Fig. 4 | Schematic phase diagram of a molecule-solvent binary system. 

Inset shows random spinodal structure formed under equilibrium.  

 

 

Supplementary Fig. 5 | Typical spinodal structure observed on casted C8-BTBT thin 

5m 

C8-BTBT 



film (on SiO2/Si substrate) with solution concentration of 5 mg/ml in chlorobenzene. 

 

 

Supplementary Fig. 6 | Optical image of an underdeveloped square-grid pattern and 

proposed pattern formation mechanism.  (a) Optical image of a square-grid pattern 

during development; (b) Proposed pattern formation process. The pattern formation 

starts from instability of primary line (i), and this initial instability is governed by mode-

1 with period  1. However, this mode may not be a competitive mode (ii), and only 

one mode became dominant eventually [indicated as “competitive branches” in (a), 

mode-2 with period  2]. The next primary line is emerged after the branching of the 

primary line emerged before it, and it will repeat the branching process (iii) (iv). All 

other non-competitive modes will disappear eventually. If the initial instability with 



short wavelength can grow up and the competition from the long wavelength mode can 

be avoided, a fence-like pattern will form (see Fig. S7). 

 

 

 

Supplementary Fig. 7 | Video frames of different moments taken during experiment. 

(a) Uniform liquid film before pattern formation. (b) Emerged primary line and 

branching from it, and second primary line generation starts subsequently. (c) The 

emerged second primary line repeats the branching process of the first primary line, and 

third primary line generation starts to begin. The branches grown from the first primary 

line and second primary line are nearly collectively aligned. The corresponding bottom 

panel of each video frame illustrates the structure formation process. The start of time 

counting (t=0) is arbitrary chosen from the video. 

 

 



 

 

 

 

 

 

Supplementary Fig. 8 | Schematic illustrations of experimental systems with normal 

arrangement (a) and upside-down arrangement (b). If R-B pattern is observed in the 

case (a), the gravity (g) and temperature gradient (T) must point in the same direction 

(down). Then, in the case (b) the R-B pattern will not be observed, since the gravity (g) 

and temperature gradient (T) no longer point in the same direction. 

 

 

 

 

 

 



 

 

Supplementary Fig. 9 | Proposed pattern deposition process from liquid to substrate. 

With the concentration wave generation, a precipitation starts from the peak regions of 

the waves and the solute is deposited onto the substrate to from a solid (or half-solid) 

pattern (a). At this stage, the solution maintains a uniform liquid film. At a later stage, 

with reduction of liquid, the air starts to trap-in, and free liquid surface forms. As the 

interface energy between liquid and PDMS is higher than that between the liquid and 

substrate, the liquid prefers to stay on the substrate. As the patterned organic materials 

are hydrophobic (see Supplementary Fig. 10) the residual liquid film is patterned into 

small units whose edges are pinned at the precipitated solute lines (b). The surface 

tension of the small liquid induces a coffee-stain effect where the solute is driven further 

to the edge region until the residual liquid dries out (c). 

 



 

 

 

Supplementary Fig. 10 | Contact angle measurements of water droplets on film 

surfaces of (a) pure C8-BTBT, (b) pure PS, and (c) C8-BTBT + PS (1:1).  

 

 

 

 

 

 

 

 

Supplementary Fig. 11 | A square shaped C8-BTBT film framed with generated lines. 

The thin film was dried from a small liquid with 4-side edges pined at the surrounding 

lines.    
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Supplementary Fig. 12 | Output and transfer (inset) curves taken from device made 

with C8-BTBT + PS wires. The charge mobility for this device is 0.49 cm2·V-1·S-1 

which could be improved by application of SAM (self-assembled monolayer of 

molecules) on the SiO2 layer, because the thin PS layer contains many pinholes. (b) 

Molecule structures of C8-BTBT and PS. 


