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Two-dimensional Arrays Self-assembled via Interference of 

Concentration Modulation Waves in Drying Solution† 
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Sohn,d Woong-Ki Hong,e Bongjun Kim,f Yuanbo Denga  and Daping Chu*a  

Self-assembling of patterned nanostructures in solution-processed 

thin films with multiphase block-copolymers is possible. 

Generation of small and well-defined regular structures directly 

from single-phase polymer films is challenging. Here, 2-dimensional 

(2D) patterned array in single-phase polymers was self-assembled 

by a solution process.  One-dimensional spinodal precipitation with 

a characteristic wavelength was created along a pinned contact line 

of the drying solution to form a one-dimensional periodic structure 

(1DPS) via geometry and concentration confinements. The latter 

was uncovered from the liquid by sequential depinning and 

repinning of the contact line. A new 1DPS with an inherited phase 

re-emerged and triggered depinning and repinning. The process 

was self-repeated and a 2D array formed with a tuneable lattice 

type and parameters, which was governed by the interference of 

two concentration-modulated waves.  

Introduction 
 

Self-assembled nanometer-length patterns in two dimensions 

(2D) are of considerable interest for several applications, such 

as lithography with high resolution and optical devices. Self-

assembly in 2D has been studied in self-assembled monolayers,1 

quantum dots and colloidal particles.2, 3 Among these systems, 

the self-assembly of thin-structured polymer films has many 

attractive aspects because it is inexpensive and compatible with 

conventional lithography processes such as thin-film coating  

 

and pattern transfer with dry etching. The self-assembly of 

block-copolymer thin films has received considerable attention 

due to the intrinsic ability of the materials to generate arrays of 

one phase distributed in another matrix phase.4-6 After selective 

removal of one block-phase, the remaining patterned phase can 

be transferred into any functional material.7, 8 In contrast, the 

generation of long-range periodic structures with high 

resolution from single-phase polymer thin films is challenging. 

Attempts have been made to generate 2D arrays of single-phase 

polymers through liquid processes. Condensation of 

monodispersed water droplets onto evaporating solutions has 

be used to generate “honeycomb structures” that have sizes 

limited to micrometers.9-11 Generation of line patterns from a 

drying solution and subsequent dewetting the lines into dots 

have also been demonstrated.12, 13 However, the dewetting 

approach is unlikely to be adopted to fabricate structures with 

high resolution (deep sub-micrometer or nanometer) over a 

large area because material tearing induces many defects and 

nonuniformity.  

Conceptual insights 

A long-standing challenge in nanofabrication with self-assembling technique is to 

assemble of two-dimensional array with single-phase polymer. Attempt has been 

made to generate such 2D-array from solution, like monodispersed water droplet 

condensation onto evaporating solution; generation of line pattern from drying 

solution and subsequent dewetting the lines into dot array. However, these 

existing approaches are difficult for patterning 2D-array with high resolution. Here, 

we demonstrate a concept to fabricate 2D-array by using interference between 

two concentration-modulation-waves.  The principle is somehow in analogy to 

optical interference lithography, but the two plane waves are formed via solute 

concentration-modulation in drying solution next to the contact line: One wave is 

originated from solvent evaporation induced solute-condensation at drying front 

with wave vector perpendicular to the contact line; while, another wave involved 

is spinodal-precipitation induced by constitutional undercooling with wave vector 

along the contact line. The lattice parameter of the array can be controlled down 

to deep sub-micrometre and the lattice type could be tuned, like square and 

hexagonal. With further development, this work may open a new way to produce 

low-cost 2D self-assembled crystals for certain applications, such as opto-electric 

devices, lithography template, photonic materials etc. 
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 Here, we demonstrate a pattern-formation process that 

allows generation of 2D arrays with deep sub-micrometre. The 

principle can be analogized to optical interference 

lithography,14, 15 but the two waves are formed via modulation 

of concentration in the drying solution next to the three-phase 

line (or contact line). One wave originates from solvent 

evaporation-induced solute-condensation (SC) next to the 

contact line with wave vectors perpendicular to the contact line. 

Another wave involved here is spinodal-precipitation induced 

by constitutional undercooling with its wave vector along the 

contact line.  

 

Results and discussion 
 

We considered two phenomena often encountered in thin-film 

processes with solutions to elicit the two waves that participate 

in pattern formation. A solution is confined to a particular 

geometry, for instance, in a wedge-shaped space formed by a 

substrate and a cover plate (Figure. 1A). When the contact line 

between the substrate and solution is pinned, the liquid that 

evaporates from the contact line is replenished by liquid from 

the interior, so that an outward flow carries the solute to the 

contact line (coffee-stain effect).16 The contact angle of the 

solution with the substrate,, is not unique but can vary over a 

finite range. The surface topography of substrate influences the 

range of the contact angle. 17 When the solvent evaporates, the 

contact line will not recede on a flat substrate surface until the 

contact angle decreases to a critical receding contact angle r 

(i.e., r).18 Solute deposition next to the contact line by the 

coffee-stain effect (its cross-section is illustrated as a small 

“dome” in Figure 1A) causes a reduction of the local contact 

angle * (red arrow in Figure 1a) to a value below the r 

(*r), and depinning of the contact line begins. The depinned 

contact line slides over the deposited solute line and is pinned 

again at the shoulder of the solute line, where the maximum 

slope is found,19 until the next solute line is deposited and 

developed.20, 21 The line patterns defined by the pinning–

depinning mechanism can be found through drying polymers or 

colloids from solutions. 13, 20, 22 Another phenomenon we 

consider here is spinodal-precipitation. Figure 1B is a schematic 

illustration of the phase diagram of a binary mixture (such as a 

solvent–polymer system). The binodal and spinodal curves are 

defined by 𝜕𝐺 𝜕𝐶 = 0⁄  and 𝜕2𝐺 𝜕𝐶2⁄ = 0, where G and C are 

Gibbs’ free energy and polymer concentration, respectively. For 

concentrations within the spinodal region, where 

𝜕2𝐺 𝜕𝐶2 < 0⁄ , a homogeneous solution is unstable against 

infinitesimal fluctuations in density or component 

concentration, and separates to two phases with a well-defined 

size (i.e., spinodal wavelength sn) with no thermodynamic 

barrier (inset of Figure 1B).23 

 The interference between the solute condensation (SC) 

wave induced by the coffee-stain effect and the spinodal (SN) 

wave occurs next to the contact line is understood less 

intuitively in comparison with what happens with optical and 

liquid-surface waves. However, the pattern-formation process 

can be appreciated through description of the generation and 

reproduction of a 1D periodic structure (1DPS). The latter is 

realized through 1D-spinodal (1DSN) precipitation along the 

contact line via restriction of geometry and concentration (inset 

of Figure 1A). By coupling such a 1DPS formation with the 

repeated stepwise pinning–depinning of the contact line, a 2D 

pattern can be generated (Figure 1C). The 1DPS is formed next 

to the contact line in the solution (red circles in Figure 1C at the 

moment t0), which reduces the local contact angle of the 

solution and triggers depinning of the contact line to move 

forward for a step-length cl, where it is repinned.  Meanwhile, 

a new 1DPS emerges and develops (t1 of Figure 1C), and triggers 

the depinning of the contact line again (t2 of Figure 1C). The 

process is self-repeating and a 2D array is formed.   

 We attempted to fabricate such 2D arrays from solutions 

through tuning of the solution concentration, solution-

confinement geometry, and drying condition. There are three 

main reasons to support this idea. First, with solvent 

evaporation, the solution in the vicinity of the contact line is 

concentrated and can be located in the spinodal region (C1 in 

Figure 1B), whereas the bulk liquid remains stable (C0 is outside 

the spinodal region, Figure 1B). Such a solute condensation 

(from C0 to C1) near the contact line defines a driving force (i.e., 

T, which is well known as “constitutional undercooling” in 

metallurgy24) for spinodal precipitation. Second, for a polymer–

solvent binary system, the binodal and spinodal curves are very 

close to each other at the solvent side, and this minimizes the 

impact of the binodal region where phase separation occurs via 

nucleation.25, 26 Third, the spinodal-wave generation in a 

solution is extremely sensitive to concentration fluctuations, so 

a new 1DPS (red circles in Figure 1C) are initiated from the 

nearby solution with concentration modulation caused by a 

previously formed 1DPS (neighbouring magenta circles). Thus, 

two neighbouring 1DPSs should be phase correlated 

(=constant), which is crucial for assembling an ordered 2D 

structure. For instance, if =0, a rectangular (or square) array 

will be formed, and if =, a hexagonal array is expected. For 

sample preparation (Supporting Information Note 1), 60 L of 

polymer solution was introduced into a wedge-shaped space, 

formed with a silicon substrate (12 mm × 12 mm) and a glass 

cover plate (12 mm × 12 mm) with an angle of 25, to create a 

stable liquid bridge. The substrates were treated by O2 plasma 

(100 W for 5 min) to increase the binding strength of the formed 

polymer patterns on them. Polymer concentrations of the bulk 

solutions were optimized at 0.5–5 mg/ml. Drying was carried 

out in a fume hood to allow the solvent to evaporate steadily 

with an estimated mean moving speed of the solution meniscus 

of 4.5 m/s. Figure 2 displays images of the self-assembled 

patterns in films dried from toluene solutions of poly(4-

emethylstyrene) (PMS, 5 mg/ml), polystyrene (PS, 3.7 mg/mL), 

and Poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} 

[P(NDI2OD-T2), 2.5 mg/ml]. Obviously, regular patterns were 

generated and all patterns had near four-fold symmetry. The 

typical thickness of the deposited polymer films was 30–100 

nm, and the amplitudes of the generated patterns were in the 

same scale as measured with atomic force microscopy (AFM) 

(Figure 3A). The AFM result showed that each peak was 

neighboured by four valleys and four saddle-points, which is a 
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strong signature of the interference of the two orthogonal plane 

waves (explained in Figure S1). If we consider the interference 

between two orthogonal plane waves with wave vectors 

kx=2/sn and ky=2/cl, the surface profile of the 2D patterns 

can be modeled by: 

 

                           z =


2
(𝑐𝑜𝑠

2𝜋𝑥

𝑠𝑛
+ 𝑐𝑜𝑠

2𝜋𝑦

𝛽𝑠𝑛
)                     (1) 

where , sn and cl are the peak-valley distance, lattice 

parameter along the contact line (i.e. spinodal-wavelength), 

and step length of contact line movement (i.e. SC-wavelength 

or depinning wavelength), respectively, whereas cl/sn, 

which is close to one. x and y are taken along the direction of 

the contact line and its orthogonal direction in the substrate 

surface plane. 

 The agreement between the modelling and AFM 

measurement (Figure 3A, and a quantitative comparison as 

detailed in Figure S2) also supports the existence of wave 

interference. The lattice parameters of the patterns varied for 

different polymers, which are explained by the difference in 

polymer-chain mobility in the solutions. The spinodal-

wavelength can be expressed by:23      

 

                             DkMsn /8 2                              ( 2)
                           

 

 

where D, M and k are the diffusion coef
f
icient, solute mobility 

and a constant, respectively.  According to the Stokes–Einstein 

relationship:27 D = kBT/6πηR  (where T, , R, and kB are 

absolute temperature, solution viscosity, polymer radius of 

gyration and the Boltzmann constant, respectively) and the 

Walden–Adamczewski formula:28-30 Mm=constant (where m is 

a constant), we obtain: 

 

                (3) 

Fig. 1 Principle of 2D-array generation from solution (schematic). (a) Pinning–depinning of a contact line between the substrate and solution constrained in a wedge-shaped space 

(schematic). A red dome represents the cross-section of the precipitated solute line during deposition. Magenta domes represent the solute lines that have been generated. The 

inset is a schematic drawing of 1D spinodal (1DSN) concentration fluctuation confined along the contact line when a certain condition is satisfied. (b) Schematic diagram of spinodal-

precipitation in a binary system, where Tr represents room temperature. The inset is a schematic drawing of microstructure formed through spinodal precipitation. (c) Schematic 

illustration of formation of a 2D array. Red circles represent a 1DPS under development in solution, whereas the magenta circles show that 1DPSs have been generated. 

13 /48  m

Bsn TkR 
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where  is a constant, and it is clear that the solution viscosity 

influences the spinodal wavelength. Figure 3B displays the 

measured lattice parameters of arrays and solution viscosity of 

different systems (top panel), demonstrating that a high-

viscosity solution is favourable for obtaining a pattern with a 

smaller period. By fitting the experimental data with a 

logarithmic plot (Figure 3B, bottom panel), we obtain m  2.5, 

and this supports the hypothesis that the pattern formation 

originates from spinodal-precipitation. Equation 3 also supports 

the small influence of temperature on the spinodal-wavelength 

we observed (inset of Figure 3B), which is explained in 

Supporting Information (Note 2).  

 The obtained near-square lattices suggest that the spinodal-

wavelength (sn) is close to the step-length of the contact line 

movement (cl), i.e., sn  cl  .  To explain this phenomenon, 

one can speculate that the front 1DPS is formed from polymer 

clusters chaining-up along the contact line, a hypothesis that is 

supported by a morphology study on spinodal-decomposition in 

a highly confined solution.[31] To verify this hypothesis, we 

quenched a sample by suddenly flushing away the solution with 

2-propanol during 2D PMS pattern growth from its toluene 

solution (Figure 3C). It is clear that a chain of “domes” along the 

contact line forms the front 1DPS in the solution (indicated by a 

red arrow). The modulated dark shadow ahead of the front 

1DPS (indicated by a black arrow) signifies that the 

concentration-modulation rooted from the front 1DPS projects 

into a certain depth in the solution, which is the scale of the 

undercooled liquid caused by polymer condensation. The 

growth of domes is much faster than the precipitation that 

occurred in the deeper region of the liquid because the solute 

concentration defined by solid-liquid interface diffusion and 

hydrodynamic condensation are much higher at the contact 

line. The dome-shape is resulted from minimization of the 

surface energy of the precipitated “half-solid” elastic polymer. 

The co-existence of the two decoupled waves and their 

interference can occasionally be observed on “unsuccessful” 

samples where local fluctuation induces an imbalance of the 

amplitudes of the two waves (Figure S3). The process of 1DPS 

formation has also been further demonstrated with in-situ 

examination of solution drying under microscopy (Supporting 

movie and its annotation in Figure S4). The detailed reason of 

spinodal and depinning wavelengths similar to each other is still 

an open question.  One possible explanation is that the final 

spinodal wavelength is resulted from coarsening of initially 

selected spinodal wave until it matches with the depinning 

wavelength.  This could also explain the coexistence of different 

spinodal wavelengths on the same sample observed in certain 

systems (Figure S3). From the thermodynamics point of view, 

both wavelengths are resulted from the minimization of Gibbs 

free energy in an identical condition, though the reasons and 

processes of wave creations are different, and having similar 

lattice parameters defined by the two waves are plausible.  

 Strong confinement of a solution favours a reduction of 

structure dimension of spinodal-precipitated polymers.31 This 

may also apply in our case to form arrays with much smaller 

lattices. We have introduced P(NDI2OD-T2) solution (in toluene 

or 1,2-dichlorobenzene, 2.5 mg/ml) into a space between a Si 

substrate and a cover plate [glass or polydimethylsiloxane 

(PDMS)] that were aligned parallel and separated using spacers 

of various thicknesses to examine the effect of solution 

confinement (inset drawing of Figure 3D). A reduction of 

spinodal-wavelength was observed when the liquid film 

thickness was less than 30 m (black circles in Figure 3D).  

Square array with deep sub-micrometre lattice parameter was 

found when the liquid thickness was reduced to 1.5 m 

(Supporting Information Note 3,  inset of Figure 3D). We 

attempt to explain this size reduction as a pressure change (P) 

within the solution caused by an increased Laplace pressure of 

the liquid/air interface. When the confinement increases, the 

pressure in the liquid becomes more negative than atmospheric 

pressure and the density of vacancy (or air holes) in the solution 

increases, which is favourable for nucleation of the precipitated 

polymer phase. Based on this assumption, we derived a 

relationship between the confined liquid-film thickness h and 

spinodal-wavelength sn.  

 

              (4)                                                             

 

 

where 𝜆𝑠𝑛
𝑏 ,  and   are the spinodal-wavelength for bulk 

solution and constants, whereas  and  are the surface tension 

of the solution and contact angle, respectively. By choosing  = 

2.7710−9(m3/N) and  = 1.07610−5(m), equation (4) could fit 

Fig. 2 Optical images of self-assembled 2D patterns in films of various polymers. (a) PMS; 

(b) Polystyrene; (c) P(NDI2OD-T2). For all images, the contact lines were aligned in the 

horizontal direction and moved in the vertical direction (from top to bottom). 
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the experimental data closely (red dotted line in Figure 3d, 

details in Supporting Information Note 4).  The   calibrates the 

deviation of the measured liquid thickness h from the modelled 

thickness, where the partial cylinder surface is considered as the 

liquid surface, induced by the surface quality of substrate, mass 

of liquid, mechanical vibration, etc.  The Laplace pressure model 

as proposed may not be a complete picture as the surface 

curvature induced pressure difference (kPa) seems to be too 

small to cause such a drastic wavelength change. Other factors 

that could reduce the spinodal wavelength, such as the liquid 

layer thickness next to the contact line, may be important.  

 Up to now, the 2D arrays have been shown to be rectangle 

or near-square. This is because the orientation of the contact 

line is normally perpendicular to its moving direction, where the 

solute is moving toward the contact line orthogonally caused by 

the convection induced by the surface tension gradient.15 It is 

possible to diversify the type of the 2D lattices from rectangular 

by modifying the angle between the contact line and its moving 

direction. We have demonstrated this with generation of 2D 

arrays on glass-tube surfaces by drying a solution confined 

between the tube and a cylinder container (Supporting 

Information Note 5). When the glass tube is off-centred in the 

container, a liquid ‘hump’ is formed in the gap because of the 

capillary effect (left of Figure 4A). With evaporation of the 

solvent, the inclined contact line moves downwards, and a non-

orthogonal relationship between the orientation of the contact 

line and its moving direction is created. The top panel of Figure 

4B shows a near-hexagonal PMS pattern on the tube surface 

created with this way. In contrast, for a well-centred tube 

(middle panel of Figure 4A) the obtained PMS patterns always 

have near-square symmetry (bottom panel of Figure 4B).  

 Once the solvent is dried off the patterned structure is 

stable. No obvious pattern blurring has been observed after 

storing the patterned samples in ambient condition for one 

year. Binding strength of the generated pattern to substrate is 

still a problem, and it varies from system to system. For 

example, the PMS pattern dried from toluene solution has 

much better binding property than other systems we have 

tested. Currently, we could obtain such 2D arrays over an area 

of several square millimeters, which is sufficiently large to 

Fig. 3 Pattern analysis and formation mechanism. (a) AFM image taken from the PMS pattern and surface profile modeled with equation (1). (b) Variation in lattice parameters with 

solution viscosity in different systems, and the temperature dependence of lattice parameters for the PMS pattern from toluene solution (inset). (c) Optical image of a quenched 

growth front of a 2D array of PMS polymer during growth from its toluene solution. Blue arrow indicates the location of the pinned contact line (CL), and the underdeveloped front-

1DPS is indicated by a red arrow. The black arrow indicates a trace of concentration modulation in solution. (d) Solution-thickness dependence of a lattice parameter (or spinodal-

wavelength) for the P(NDI2OD-T2) structure generated when solutions were confined between parallel plates (inset drawing). SEM image shows a pattern with high resolution (inset 

SEM). 
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demonstrate some functions. Figure 4C shows a diffraction 

pattern taken from a PMS array assembled from its toluene 

solution and demonstration of its strain sensing with the 

generated pattern acts as a surface-labeled 2D grating on a 

polyethylene terephthalate (PET) substrate (Supporting 

Information Note 6, Figure S6). The surface profile of the 2D 

pattern offers an advantage for pattern transferring: positive 

and negative arrays can be generated from the same assembled 

polymer pattern by control of dry etching. If the etching is 

stopped below the saddle points, a hole-pattern will be defined 

(Figure S7a and Figure S7b). In contrast, a dot pattern is 

obtained if the etching is stopped above the saddle points 

(Figure S7c). Figure 4D shows the dot (top panel) and hole 

(bottom panel) patterns of Au defined by transferring the self-

assembled PMS patterns into polydimethylglutarimide (PMGI) 

films and subsequent lift-off with Au (Supporting Information 

Note 7, Figure S8).  

 Patterns with deep sub-micrometre resolution were 

generated in a micro-sized environment where a significant 

suppression of solution convection is expected. However, a 

hydrodynamic process is necessary to achieve sufficient 

concentration confinement next to the contact line and in turn 

to realize spinodal-precipitation at sub-micrometre scale. To 

gain some information about the hydrodynamic influence 

during solution drying under strong confinement, we undertook 

grazing-incidence wide-angle X-ray diffraction (GIWAXD) for the 

P(NDI2OD-T2) polymer dried in between a top PDMS plate and 

Si substrate with separation of 1.5 m (Figure S5). 

 The GIWAXS result showed that the dried polymer adopted 

a face-on molecule packing on the substrate in comparison with 

a spin-coated polymer film (Supporting Information Note 8, 

Figure S9). This modified molecule configuration showed the 

significant influence of the hydrodynamic process during 

solution drying even under strong confinement.32, 33  

 It is essential to balance the amplitudes of the two 

concentration-modulation waves for fabricating a well-defined 

2D array. Several types of patterns are expected by tuning the 

wave amplitudes, wetting ability of substrates, and other 

experimental conditions. A summary of various potentially 

observable patterns is illustrated in Figure S10, including a 2D 

interference pattern, line patterns with different orientations, 

and dot array through dewetting of lines.   

 We have also carried out a similar experiment with ZnO 

nanoparticle (100nm in diameter) suspension in ethanol. In 

Fig. 4 Lattice-type tuning and potential application of the generated arrays. (a) Optical images of pattern generation on tubes (left panel:  off-centred  glass tube;  middle panel: well-

centred glass tube; right panel: patterned tube); (b) PMS patterns with near-hexagonal (top panel) and near-square (bottom panel) lattices generated on glass-tube surfaces; (c) 

Diffraction pattern (top inset) and strain-sensing for a patterned surface under tension strain (main panel) and compression strain (bottom inset), where d is the distance between 

zero and first-order diffraction; (d) Optical images of dot (top panel) and hole (bottom panel) arrays of Au defined by transferring PMS patterns with Au. 
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this case, only repeated pinning/depinning of contact line was 

found (Figure S11).  The theory should also be applicalbe to 

colloids. In order to fabricate 2D array with colloids an 

optimized chain length of coating molecules is required to 

produce a proper spinodal region in the colloids/solvent phase 

diagram. 

 
Conclusions 
 

We demonstrated self-assembled 2D array patterns through 

the interference of two concentration-modulation waves in a 

drying solution next to a three-phase line. A 1DPS is formed by 

spinodal-precipitation along the contact line of a drying solution 

on a substrate through geometry confinement and hydro-

dynamic condensation. The generated 1DPS can be made to 

self-reproduce through the pinning–depinning of the contact 

line. The reproduced 1DPSs maintain the same phase with the 

initially formed 1DPS. The interference between the spinodal-

wave and the solute condensation wave at the contact line 

allows the formation of 2D patterns directly from the solutions 

with tuneable lattice parameters and lattice types. With further 

development, this work may open a new way to produce low-

cost 2D self-assembled crystals for certain applications, such as 

opto-electric devices,34 lithography templates,35 and photonic 

materials.36, 37 

 

Experimental 
 

The majority of samples used in this work were made via liquid 

confinement in wedge geometry as much stable liquid bridges 

are formed with such geometry. For sample preparation, 

solutions were introduced using a micropipette into the wedge-

shaped spaces formed with silicon substrates (12 mm×12 mm) 

and a glass cover plates (12 mm×12 mm) with an angle of 25. 

The joining of a substrate and a cover plate can be made with 

epoxy or scotch tape. The substrates were treated with O2 

plasma (100 W for 5 min) to increase the binding strength  of 

the generated pattern with substrate.  Liquid confinement in 

parallel plate geometry was done by introducing solution into 

space between substrates and parallel cover plates (glass or 

PDMS) that were separated by spacers made of plastic films 

with various thicknesses. For obtaining micro-size separation, 

PDMS stamps with patterned trench array were used as top 

coverage (Supplementary Fig.S5). For temperature dependence 

experiments, before introduction of solutions with 

micropipette the substrate/cover-plate wedges were placed on 

a digital hot-plate and thermally stabilised for three minutes. 

The AFM analysis was performed on Nanoscope III. GIWAXD 

measurements were conducted at the PLS-II 9A U-SAXS 

beamline of PAL in Korea. The X-rays from the in-vacuum 

undulator were monochromated (wavelength = 1.11 Å) using a 

double-crystal monochromator and focused both horizontally 

and vertically [FWHM = 300 μm (H) × 30 μm (V) at the sample 

position] using K–B type mirrors. The GIWAXD system was 

equipped with a seven-axis motorized sample stage for the fine 

alignment of thin film. The sample-to-detector distance was 224 

mm, and diffraction patterns were recorded with a 2D charge-

coupled device detector (Rayonix SX165). 
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