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ABSTRACT 

 

By comparing the magnitude of forces, a directed self-assembly mechanism has been suggested
1
 

previously in which immersion capillary is the only driving force responsible for packing and 

ordering of nanoparticles, which occur only after the meniscus recedes. However, this 

mechanism is insufficient to explain vacancies formed by directed self-assembly at low particle 

concentrations. Utilizing experiments, and Monte Carlo and Brownian dynamics simulations, we 

developed a theoretical model based on a new proposed mechanism. In our proposed 

mechanism, the competing driving forces controlling the packing and ordering of sub-10 nm 

particles are (1) the repulsive component of the pair potential, and (2) the attractive capillary 

forces, both of which apply at the contact line. The repulsive force arises from the high particle 

concentration, and the attractive force is caused by the surface tension at the contact line. Our 

theoretical model also indicates that the major part of packing and ordering of nanoparticles 

occurs before the meniscus recedes. Furthermore, utilizing our model, we are able to predict the 

various self-assembly configurations of particles as their size increases. These results lay out the 

interplay between driving forces during directed self-assembly, motivating a better template 

design now that we know the importance and the dominating driving forces in each regime of 

particle size.  

 
INTRODUCTION 

 
Over the last two decades, there have been a great deal of interest in materials manufacturing 

using self-assembly process, on flat or patterned substrates with applications in biotechnology
2
, 

photonics
3
, plasmonics

4
, shape selection

5, 6
, printing

7
, and coating

8
.   

 

Coffee ring effect
9, 10

 formed by evaporative self-assembly has been a primary driver for 

researchers to apply self-assembly technique as a cost effective approach for achieving 
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nanostructures with well controlled spatial arrangement; thus enabling scalability with minimal 

material wastage. Despite its convenience, self-assembly might seem very complex because the 

interplay of several driving forces dictates the assembly and ordering of its constituents. To 

better exploit the advantages of this technique, one requires a control over the magnitude and 

time scale of these forces, especially as the constituent’s size decreases. As such directed self-

assembly (DSA)
11, 12

 is introduced to offer some control over the self-assembly of building 

blocks, direct them to desired positions on a template, and trap them by the geometry of 

confinement
13

 provided by the templates.  

 

Despite the advances in the current imaging technologies to visualize what is happening at small 

length scales, we are still far from achieving a general theoretical understanding of the interplay 

of driving forces
1
 involved in the DSA process, especially when particle size becomes as small 

as several nanometers in diameter
14, 15, 16

. These forces include (1) particle-particle forces (van 

der Waals and repulsive forces), (2) particle-template forces
5, 6

 (electrostatic, and curvature 

driven
28,29

 forces), and (3) particle-fluid forces (capillary
12,15,17, 18, 19, 20, 21, 22, 23

, convective
24, 25

, 

evaporative
26, 27, 28

, and Brownian
14, 15

 forces). All of these forces interact at the contact line in 

directed (templated) self-assembly. 

 

By comparing the magnitude of forces, a mechanism was previously suggested
1
 in which 

immersion capillary force is the only driving force responsible for DSA of nanoparticles  (DSA-

n). Immersion capillary force
17, 18, 19, 20, 21, 23

 also known as the line tension is caused by the 

tensile forces at the surface of the fluid film whose thickness should be smaller than the particle 

diameter. In this mechanism, attraction between particles begins after the meniscus recedes. In 

contrast to this immersion capillary force view, there have been reported instances in which 

adsorption in interstices
29

, and convective forces
30

 (in DSA of bilayers), are the main driving 

forces in DSA-n.  

 

Our recent experimental observations
16

 also suggests another possible mechanism of DSA-n in 

which the repulsive part of particles pair potential as well as attractive capillary forces are 

playing the major role. In our proposed mechanism, an attractive capillary force is applied by the 

meniscus onto the first layer of particles at the free surface of the contact line where the particles 

concentration is normally high. This attractive capillary force drives the neighbouring particles in 

the next layer towards the substrate until the repulsive component limits further particle 

movement, leading to ordering. As such, the interaction of these two attractive and repulsive 

forces plays a significant role in packing and ordering of particles at the moving contact line 

when the meniscus recedes. Overall, results in this work indicate that our model model can be 

predictive in nanoparticle DSA configurations and a better template design now that we know 

the dominating and the importance of driving forces in each regime of particle size.   

 
THEORY AND EXPERIMENT 

 
Our model demonstrates the effects of above mentioned driving forces on the DSA-n. This 

model also enables us to effectively correlate the effect of processing parameters (such as contact 

angle, and substrate pulling speed, direction or angle) on packing and ordering of self-assembled 

structures; however, in immersion capillary model
1
, there is not such a correlation.  
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3 

 

In our model, particles are represented by spheres upon which various forces are applied. We 

focus on the main dominant forces at the contact line. Since particles concentration at the contact 

line is high, multiple layers of particles are submerged in the liquid film. As such, the liquid film 

thickness at the contact line is greater than the particle diameter, and thus our model does not 

consider the immersion capillary force, which was previously suggested
1
 to be the force 

governing DSA-n mechanism in the immersion capillary model as shown in Figure 1A. 

According to the immersion capillary model, particles are pushed towards the substrate only at 

the contact line (Figure 1A, left panel). They are packed and ordered by the immersion capillary 

force, or line tension after the meniscus recedes (Figure 1A, right panel).  

 

In contrast to the immersion capillary model, our model primarily focuses on driving forces 

which are present before meniscus recedes, as shown in Figure 1B. In our proposed mechanism, 

there is a zone at the front of the contact line where the particles are pushed towards the 

substrate. In our model, the compressive (attractive) capillary force applied on the surface of 

nanoparticles at the contact line generates compressive force field in the bulk. This force field 

dissipates through the particle layers, and its magnitude decreases from the meniscus to the bulk, 

as color coded in Figure 1B, respective to red (large magnitude) to blue (small magnitude).  

 

<<< Figure 1 >>> 

 

Sub-10 nm particles used in this study are stabilized by an oleylamine coating. We rule out the 

possibility of major contribution of particle-particle as well as particle-wall electrostatic 

repulsion because of dominating particle stabilization forces and application of non-polar solvent 

(hexane) used in this work. In order to compare simulation results with experimental data, we 

take into consideration the steric repulsion as one of the main driving forces. 

 

We also take into account the capillary force applied by the meniscus onto the particles 

intersecting the meniscus. To find the capillary force, we integrate the surface tension acting on 

the contact line positioned at distance h  from the center of the particle intersecting the free 

surface, as shown in Figure 2A. The magnitude of the resultant force can be written as 

θπσ cos2
2









−=

a

h
aFC  (1) 

whose horizontal and vertical components are ψsinCF , and  ψcosCFf = , respectively. In 

Equation 1, σ   is the surface tension, a is the particle radius, θ  is the contact angle, and ψ  is 

the meniscus angle with the substrate, as shown in Figure 2A. 

 

<<< Figure 2 >>> 

 

To consider major driving forces in DSA, we perform an order of magnitude analysis as follows.  

Steric repulsion potential of two nanoparticles induced by adsorbed polymer is expressed by 
31

  

)exp()(100)( 33 δππδ dsdTakdV Brep −=  (2) 

where TkB  is the thermal energy, δ  is the thickness of ligand shell, and s  is the distance of the 

two neighboring ligands on the surface of the particle, as illustrated in Figure 2B. Assuming 

5=a  nm with separation distance of 1=d  nm, absorbed polymer layer thickness of 1=δ  nm, 
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and 1=s  nm, excluding the exponential factor, we find that TkV Brep 160~ .  We also find the 

order of magnitude for steric repulsion potential between the particles and the channel walls 

given by Alexander-d Gennes model
32, 33, 34

 

)35(]12)2)(1120()2(28[16)( 34745
sdddaTkdV Bw +−= − δδδπ . (3) 

Using above parameters (see Figure 2C) renders a magnitude of TkV Bw 560~ . A similar 

analysis for Hamaker attractive potential dAadVvdw 12/)( =  accounting for van der Waals 

interaction, reveals that TkdV Bvdw ~)( , where a common value of Hamaker constant when 

particles are very close to each other is TkA B4.0=  
35

. 

 

Compressive capillary energy can be calculated from Equation 1, expressed by 

θσπ cos2~ 2
aVC

 (4) 

Considering the reported hexane contact angle of =θ 40
o  36

 with gold nanoparticles, and surface 

tension of 19=σ  pN/nm, we estimate the compressive capillary energy to be TkB560~ . 

 

Immersion capillary energy is given by 

])2[(2~)( 0

2
adqKadVimm +σπ  (5) 

where 0K  is the modified Bessel function of order zero, and 
1−q  is the characteristic capillary  

length. For hexane as the solvent (
61 107.2 ×=−q nm), we find that TkV Bimm 9000~ . However, 

considering those forces acting at the contact line only, we exclude immersion capillary force, 

which is only effective after meniscus recedes.  

 

The ratio of Brownian to van der Waals forces (and so energies) is commonly given by
2212 AaTdkB . For 100 nm particles separated by 5 nm at room temperature, this ratio is about 

0.01, indicating that Brownian forces is negligible for 100 nm or larger particles. However, for a 

10 nm particle, this ratio is of order 1, indicating the significance of contribution of Brownian 

forces to the dynamics of 10 nm particles. 

 

Considering above order-of-magnitude analysis, we only take into account repulsion pair 

potential, repulsive wall, compressive capillary, attractive Hamaker (van der Waals), and 

Brownian forces in this study.  

 

To understand the impact of particle-particle, particle-fluid, and particle-template interactions on 

the final configuration of assemblages, we utilize our model to perform Monte Carlo (MC) 

simulations. Additionally, to gain insight into the dynamics of self-assembly, we perform 

Brownian dynamics (BD) simulations. We briefly explain these simulations below. 

 

Monte Carlo simulation 

 

MC simulation enables us to predict the steady state and kinetically trapped equilibrium 

configurations of assembled nanoparticles within the template. Each MC simulation starts with 

spheres initially positioned between the template walls in two horizontal layers parallel to the 

template base. These spheres are randomly distributed within each layer. To accommodate 
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5 

 

experimental conditions
16

, we set the simulation box sizes the same as those in the template 

consisting of graded channels of varying width. We consider a simulation trapezoid equal to one 

of the lithographically-defined channels, with a total length of 2 µm. 

 

We run each MC simulation with total of 2×10
8
 iteration steps. This number of iterations 

sufficiently equilibrates the total energy of the system. The total energy for each particle consists 

of the work done by the attractive capillary force and the pair potential between the particle and 

all other particles. 

 

For each MC simulation, we obtain the final configuration of self-assembled particles by looking 

at the bottom layer only, consisting of 280 to 320 particles. In each MC step, we randomly select 

a sphere. For each selected sphere, moves along x-, y-, and z-directions are attempted separately. 

Step size for all moves is set to a007.0 . Step size is changed adaptively to maintain the 

acceptance ratio between 0.49 and 0.51. After each move, we calculate the total energy change. 

To accept or reject each attempt, we utilize Metropolis algorithm
37

 in which acceptance ratio of 

each move is Boltzmann weighted. 

 

We consider the total energy for each particle in the form of 

)()( dVzfdU βββ += . (6) 

where 
1)( −= TkBβ , d  is the interparticle surface-to-surface spacing, and f  is vertical 

component of the capillary force obtained from Equation 1 as explained before. The first term in 

Equation 6 represents the work done by the capillary force acted on each particle. For simplicity, 

we assume that f  is downward along z-direction and perpendicular to the bottom of template. 

Also assuming that the meniscus angle is small ( =ψ 12
o
 
43

), we neglect the horizontal part of the 

capillary force for sub-10 nm particles. Using the surface tension of hexane, for each gold 

nanoparticles (AuNP), we set
1100 −= nmfβ . The second term in Equation 6 is  

)()()()( dVdVdVdV vdwwrep −+= , (7) 

where )(dVrep  is the steric repulsion potential (Equation 2), )(dVw  is the repulsion wall potential 

(Equation 3), and )(dVvdw  is the Hamaker attractive potential
39

. We set βε  in Hamaker potential 

to unity
38

 for AuNPs coated with oleylamine shell, and the distance between nearest neighbour 

particles at equilibrium in repulsion pair potential to nmde 2= . 

 

Brownian dynamics simulation 

 

BD simulation enables us to gain insight into the dynamics and kinetics of self-assembly. In BD 

simulation, we perform 10
9
 simulation time steps each of which equals 0.1 ps in real time. 

Taking several hours to run, our simulations can represent approximately 100 µs of real time. 

However, experimental observations are much longer than this time scale. Thus, we use our BD 

simulations to make qualitative predictions regarding the pathways of nanoparticles self-

assembly. The initial distribution and the template geometries are the same as those discussed 

above in MC simulation Section; however, without loss of generality we reduce the simulation 

box length to half of what was used in MC simulation to reduce the cost of computations and be 

able to make predictions at longer real time. 
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6 

 

 

In MC simulations, to account for wall repulsion, we reject particle movements out of the 

simulation box. Accordingly, in BD simulations, we consider a wall repulsion potential, which 

decays very rapidly away from the channel walls. In these simulations, attractive capillary forces 

are applied only to those spheres that cross the moving angled meniscus. We keep a very thin 

liquid film behind the meniscus illustrating the effect of liquid bridges and line tension.  

 

Neglecting electrostatic interactions between particles, their weight, and buoyancy force, we 

employ the following overdamped Langevin equations of motion to predict the dynamics of self-

assembly of particles, 

)()(
)(

tBtF
dt

trd
ii

i
rr

r

+=ξ  (8) 

where aπηξ 6=  is the drag coefficient, )(tBi

r
 is the Brownian force, and )(tFi

r
 includes pair 

potential, repulsive wall, and capillary forces. In BD simulations, capillary forces are applied 

only to those particles that intersect the free surface as explained above. The magnitude of 

Brownian force in Equation 6 is chosen to obey the fluctuation-dissipation theorem  

IttTktBtB ijBji δξδ )'(2)(),( −=〉〈
rr

, (9) 

where ijδ  is the Kronecker delta, and )(tBi

r
 is the Brownian force whose magnitude is 

i
t

Tka
B B

i particleanyfor,6
∆

=
ηπr

,  (10) 

and I  is the identity matrix. We use 2
nd

 order Runge-Kutta method to integrate Equation 8 

during a chosen time step =∆t 0.1 µs. For large particles (micron size or larger), the driving 

forces are gravitational, pair potential, capillary, and buoyancy forces (Brownian force is 

negligible for large particles), which will be discussed in the next Section. 

 

To verify our model hypotheses in these simulations, we used a dip-coating technique. In a series 

of experiments, we systematically changed particles bulk concentration, pulling speed, angle, 

and direction. We explain our observations in these experiments as follows. 

 

RESULTS AND DISCUSSION 

 

We found that a high initial bulk concentration ( 131067.1 × cm
-3

) of particles is required to 

achieve maximum coverage and long range ordering. This finding is confirmed by our 

experimental observation in which reducing particle concentration, increases vacancies within 

the packing from Figure 3A to 3B. At very low concentrations, we do not observe any self-

assembled structures shown in Figure 3C. Accordingly, density of spheres in our simulations 

mimics the concentration of particles at the contact line. In our MC simulations, we decrease the 

particle concentration from 100% to 10% of the initial maximum particle density. Figure 3D, 

from top to bottom, illustrates the corresponding self-assembled structures obtained from these 

MC simulations. The theoretical particle density obtained from our MC simulation results 

suggests that the maximum concentration, possibly at the contact line, is 17102.4 ×≈ cm
-3

. This 

concentration is almost 4 orders of magnitude larger than experimental measurements done 

without dilution ( 131067.1 × cm
-3

), further away from the contact line in the bulk (see Section S3 

in SI for relation between bulk and average contact line density).  
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7 

 

 

 

<<< Figure 3 >>> 

 

MC simulations results, shown in Figure 3D, qualitatively indicate the same trend observed 

experimentally in Figs. 3A, 3B and 3C, respectively, suggesting that lowering the concentration 

at the contact line increases the vacancies of assemblages and disruption of ordering. Thus, to 

reduce gaps between self-assembled clusters, it is necessary to create high bulk concentration. In 

this case, it is reasonable to assume that low lying particles very near the substrate feel 

compressive forces exerted by high lying ones accumulated at the contact line. These 

compressive forces mainly originate from the surface tension exerted onto the first layer of 

particles at the free surface. Low lying particles then feel these forces via pair potential 

interactions with first layer particles. The presence of such compressive force field between free 

surface and the substrate was indeed one of the assumptions of our model, as schematically 

shown in Figure 1B. 

 

<<< Figure 4 >>> 

 

We also observed that at a fixed concentration, increasing the pulling speed from low (0.1 

mm/min, Figure 4A) to intermediate value (0.3 mm/min, Figure 4B), does not change the overall 

packing of self-assembled structure; however, by creating a convective flow and reducing the 

local concentration of particles at the contact line via applying a high pulling speed (1 mm/min, 

Figure 4C), many void regions were generated within clusters of particles.  Taking a semi-

quantitative approach, we observe that if vacancies appear (by increasing pulling speed) within 

the contact line before meniscus recedes, they will persist to exist after meniscus recedes. Unlike 

what was previously reported
1
, our model implies that most ordering occurs before the meniscus 

recedes (see Figure 1B), and that the pressing component of capillary force is a critical factor in 

ordering. If immersion capillary forces alone were responsible for the ordering, then we would 

expect to see more chain-like structures
40

, as opposed to patchy clusters, at low particle 

concentrations. Therefore, we propose that the major part of self-assembly ordering (which can 

sometimes be observed within several stacked layers of nanoparticles) is happening before the 

meniscus recedes. 

 

Furthermore, our experimental results illustrated in Figure 4D, 4E, and 4F conducted at three 

different pulling angles (0, 45, 90 degrees, respectively), indicate that under a high initial bulk 

concentration ( 131067.1 × cm
-3

), self-assembly coverage and ordering is almost insensitive to the 

substrate pulling angle. This observation implies that hexane perfectly wets the substrate; 

therefore meniscus angle between substrate and meniscus is small and fixed regardless of pulling 

angle. Hence, the pressing capillary force at the free surface is always present and its magnitude 

is fixed. This conclusion is consistent with our hypothesis that ordering necessitates a permanent 

pressing capillary force with a fixed orientation with respect to the substrate. Furthermore, these 

experimental results demonstrate that the packing fraction is almost independent of pulling angle 

(from 0 to 90 degrees), which suggests that meniscus is tapered toward the contact line, making 

perpendicular (to the substrate) component of capillary force much larger than the parallel 

component. Having a perpendicular component much larger than the parallel component of 

capillary force was indeed another assumption of our model.  
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8 

 

 

Our previous experimental results
16

 show that  surface coverage and ordering in the DSA with 

sub-10 nm particles does not change with the direction of meniscus motion. From these results, it 

is implied that in sub-10 nm particle DSA, the component of capillary force parallel to the 

substrate should be small; otherwise particles arrangement would be affected in the direction 

meniscus recedes. This finding is also consistent with our reported data
16

 that pulling direction 

does not affect self-assembly coverage.  

 

<<< Figure 5 >>> 

 

Using our model, we now predict how geometry of template can impact the packing fraction and 

order-disorder transition. Figure 5 shows five MC simulations of order-disorder transitions along 

2 µm long channels using the sphere model. In these simulations, the left-end channel width is 

kept fixed to 12 nm, while the right-end channel width increases from 34 to 74 nm, from top to 

bottom, respectively. The left and right end widths are shown along the y-axis on the left and 

right side in Figure 5, respectively. Obviously, packing fraction oscillates along the channel as 

one goes through successive ordered and disordered zones. It is insightful to look at how the 

packing fraction varies along the graded channel. 

 

<<< Figure 6 >>> 

 

Assuming that in the ordered zones, the average pitch stays constant
41

 at p , one can predict the 

position of packing fraction maxima along the channel, which are connected by the blue lines as 

right-end channel width varies. The analytical form of the these blue lines, representing the 

distance of packing fraction maxima from the left end of the channel, x , is expressed by  

)(

)1(
2

3

12

1

DD

DpnL

x
−









−−+

=

σ

. (11) 

where L  is the channel length, 
1D  and 

2D are the left- and right-end channel widths, 

respectively, and n  is the number of rows of particles in the ordered zone. Equation 11 is shown 

by blue lines in Figure 5 for n=2, 3, 4, 5, and 6 rows of particles (marked by R2 to R6, 

respectively). 

 

Using Equation 1`, one can also predict the separation between any two successive packing 

fraction maxima, which is the horizontal distance between blue lines, given by 

)(2

3

12

)1(
DD

pL
x nn −

=∆ +→ .  (12) 

where )1( +→ nn indicates the transition from n  to 1+n  rows of spheres. These results suggest 

that regardless of the channel gradient, ordered zones are formed and confined to the region 

where the channel width is commensurate with the particles pitch dictated by the repulsion-

attraction pair potential. Particularly, parameter x has implications on how we can scale DSA 

process. It predicts that as long as we scale particle size (or the pitch, assuming the pitch is 

proportional to particle size), we can easily control the position of order-disorder transition zones 

by appropriately designing channel width, D . 
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9 

 

 

We now look at the variation of packing fraction along the channel plotted against non-

dimensionalized channel width, pD / , as illustrated in Figure 6, where 12=p nm is the average 

pitch for 10 nm gold particles
16

. Coloring in Figure 6 indicates various channel gradients, from 

0.011, 0.016, 0.021, 0.026 to 0.031, corresponding to red, blue, magenta, green, and black, 

respectively. The fact that all curves coincide indicates that order-disorder transitions occur at 

specific channel widths, i.e. packing fraction is independent of the channel gradient. Our MC 

simulation results also suggest that as channel width increases, the length of ordered zones 

decreases (as shown in Figure 5); thus maintaining high packing fraction become more difficult.  

This reduction in the length of ordered zone can also be seen from Figure 6 where the maximum 

packing fraction reduces as channel width increases. This reduction is also accompanied by an 

increase in packing fraction minimum. As we reach to ordered zones with 6 rows of particles 

(along the blue line marked by R6 in Figures 5 and 6), the order-disorder transition zone widens. 

Configuration of particles at the peak of packing fraction in Figure 6 for different number of 

rows of particles (from 2 to 6) can be seen in Figure 5 along the blue lines marked by R2 to R6, 

respectively. Coloring in Figure 6, from red, blue, magenta, green, to black corresponds to 

packing fraction along channels shown in Figure 5 from top to bottom, respectively. 

 

Furthermore, in Figure 6 we observe that there exists a threshold, pDs / , and a plateau,
sφ , at 

which packing fraction eventually stabilizes to 53.0~sφ . Channel width larger than sD  

resembles the bulk as if there is no channel wall. This indeed indicates the directed self-assembly 

on a flat substrate, whose packing fraction is marked by 
sφ . This observation is in contrast to the 

compressed system
42

, where the presence of external compressive force always increases the 

packing fraction. Results shown in Figure 6 consistently suggest that channel-width gradient 

does not affect packing fraction; it only controls the length of ordered and disordered zones. The 

coincidence of packing fraction for different channel gradient has also an implication that DSA 

of sub-10 nm particles in graded channels can be easily scaled using dimensionless parameter, 

pD / . 

 

Comparing our previous MC simulation results
16

 as well as those shown in Figure 6 with 

experimental data
16

, we propose that the majority of packing and self-assembly configuration of 

particles is in fact formed before the meniscus recedes. We attribute such ordering and packing 

mostly to the coupled contribution from particle-particle repulsion and capillary force attraction 

pressing the particles downward. In the mechanism we propose here, the strong particle-particle 

and particle-wall attractive immersion capillary forces are indeed necessary to hold the particles 

in place after meniscus recedes. Our simulations results indicate that the absence of immersion 

capillary forces would result in disruption of previously formed ordered zones at the contact line 

after meniscus recedes. In our MC simulations, we found that repulsive component of pair 

potential is necessary to avoid particles penetration into one another. Furthermore, if the 

downward capillary force (see Equation 1) is removed from our model, we will not observe any 

of previously reported self-assembled structures
16

 in the graded channels, suggesting the 

following overall self-assembly mechanism. 

 

Particles are brought to the contact line by particle-fluid interactions, mainly by the convective 

flow, generated by the evaporation at the contact line as well as pulling of the substrate (flow of 
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liquid close to the substrate). Capillary forces applied by the moving contact line attract the 

particles at the contact line towards the substrate. From previous experimental data
7, 11

 we 

estimate the contact line to be several hundreds of nanometres wide for 10 nm particles by 

assuming the width of contact line is proportional to the particle size, which is also consistent 

with our analytical calculations (see Section 2 in Supporting Information for details). This 

attractive force further increases the concentration of particles within the low lying layers of 

particles at the contact line, bringing the particles mostly into the repulsive regime of the pair 

potential. Interaction of this attractive capillary force with repulsive forces orders the packed 

assemblages of the particles at the contact line. Now meniscus recedes, contact line moves 

forward, and packed particles are left behind with a very thin film of liquid, creating immersion 

capillary forces. These immersion forces now help retain the particle arrangements until 

evaporation is completed.  

 

The DSA mechanism explained above is also consistent with the dynamics of DSA captured by 

BD simulations of our model. Figure 7A illustrates five snapshots of the BD simulation of 90 

particles of 10 nm in diameter, residing in a 500 nm long graded channel with left- and right-end 

channel dimensions of 14 and 31 nm, respectively. In Figure 7A, inclined blue surface represents 

the meniscus moving constantly from left to right with the angle of 12
o
 

43
. We distinguish 

between the spheres being in the top layers (white) or bottom layer (red). Increase of 

concentration in front of the moving meniscus is clear in Figure 7A (from top to bottom panel), 

where white spheres are accumulated in front of the meniscus. This accumulation gives rise to 

increase in the pair repulsion. If the concentration of spheres reaches to a level which cannot be 

completely pressed further from top to the bottom layer, spheres will be left in the top layers as 

meniscus recedes. Such excess concentration can be seen in the right end of the bottom panel in 

Figure 7A.  

 

<<< Figure 7 >>> 

 

Figure 7B illustrates the top view of the bottom layer, corresponding to the panels in Figure 7A 

(see Section 4 in Supporting Information for complete top view snapshots). It is remarkable to 

see how previously reported experimentally obtained open structures
16

 are formed following the 

receding meniscus shown in Figure 7B. Specifically, the presence of the top layer helps form the 

hexagonal arrangement in the bottom layer of the ordered zone as soon as meniscus reaches to 

the part of channel in commensuration with the particles pitch. 

 

To better understand the origin of above mentioned open structures, which one might attribute to 

the particle size effect, we compare BD simulations of 10 nm with those of 1.5 µm particles. We 

use the same particle concentration as that in Figure 7A, and resize the simulation box according 

to the particles diameter ratio. As the particle size increases, the attractive capillary and 

Brownian force increases (see Equations 1 and 10). These equations indicate that attractive 

capillary force is proportional to the particle size, whereas Brownian force is proportional to the 

square root of the particle size. Therefore, attractive capillary force increases more rapidly than 

Brownian force with the particle size; thus, attractive capillary force will be the dominating force 

for large particle size. We will further discuss the particle-size effect later in this section. 
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Figure 7C shows five snapshots of BD simulations of self-assembly of 1.5 µm particles, from top 

to bottom, respectively. From the top view of the graded channel, we find that self-assembled 

configurations of micron size particles are more compact than those of nanoparticles. We 

attribute this finding to much larger compressive capillary force compared to Brownian force for 

1.5 µm particles, as shown in Figure 8. As such, we observe more compact structures in Figure 

7C than Figure 7B. Also, due to the presence of large horizontal component of capillary force in 

micron size particles, DSA causes the particles to move along the direction of meniscus motion. 

This is in contrast to sub-10 nm particles DSA where Brownian motion strongly counteracts with 

the horizontal component of capillary force, making the self-assembly insensitive to the 

meniscus receding direction.  

These simulation results suggest that most open structures observed in DSA of sub-10 nm 

particles
16

 will not be present in DSA of micron size particles, and that DSA of large particles is 

highly sensitive to the meniscus receding direction. Furthermore, our proposed mechanism 

would work at both small and large length scales because both attractive capillary force and 

repulsion pair potential are still present; however, self-assembly configurations may vary since 

the magnitude of forces is altered with particle size, and Brownian forces are more pronounced at 

smaller length scale.  We now consider these details in the context of size effect in DSA.  

Particle-size effect analysis 

 

To better understand the particle-size effect, we compare the magnitude of existing forces. These 

forces include capillary, repulsion pair potential, repulsive wall, and Brownian forces. All these 

forces are included in the equations of motion in Equation 8.  

 

Capillary force is given by Equation 1 with an upper bound 

θσπ cos2 aFc ≈ . (13) 

Repulsion pair potential force can be obtained from steric repulsion potential
44

 given by 

Equation 2. The magnitude of this repulsive force (excluding the exponential factor) is bounded 

above  by  

)/()1)((100 32 sddTakF Br +≈ πδδ . (14) 

For the purpose of comparison, we set the spacing between the ligands s =1 nm, particles 

surface-to-surface distance ad = , and ligand length a2.0=δ  44, 45. 

 

To account for steric repulsion between the particles and the channel walls, we use Alexander-de 

Gennes model
32, 33, 34

 given by 

)35(]12)2(5)2(7[16 34745
sddaTkF Bw −+= − δδδπ , (15) 

where parameters are explained above. 

 

Using Equation 10, one finds the Brownian force defined by 

tTkaF Bb ∆= ηπ6 , (16) 

where for hexane, dynamic viscosity η =297×10
-12 

pN.s/nm
2
. In our simulations, we set the 

simulation time step =∆t 0.1 µs. 
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Figure 8 compares the magnitude of various forces, using Equations 13 to 16, as particle size 

increases from 1 nm to 10 µm. All forces increase with particles size; however, the rate of 

increase of Brownian forces with the particle size is the smallest. For 1 nm particles, one can see 

that the ratio of repulsive or capillary to Brownian forces is larger than 8; this ratio increases as 

particle size becomes larger. For micron size particles or larger, all forces are at least 1000 larger 

than the Brownian forces, indicating that for such particles, Brownian forces are not dominating; 

thus Brownian forces can be neglected. These results are consistent with experimental data, 

indicating that controllability of DSA of micron size particles is much higher than that of 

nanoparticles. We attribute this ease in controllability of micron sized particle positioning to the 

absence of pronounced Brownian forces inherent to the nanoparticles.  

 

<<< Figure 8 >>> 

Overall, as the particle size increases, the physics of DSA stays the same, yet the dominating 

forces and sensitivity of packing and ordering to the forces as represented and directed by the 

coefficients change.   

Furthermore, it is noteworthy that the current literature
1, 46, 47, 48

 suggests that immersion capillary 

force (line tension) is the only dominant force governing the packing and ordering in DSA-n, and 

so the packing and ordering only occurs in the thin film left behind the meniscus. However, the 

formation of possible bilayers
11, 12, 30

 or multilayers
30

 behind the meniscus cannot be explained 

by immersion capillary force only, because in these cases particles are totally immersed
30

. We 

also believe that, to date, the interplay between meniscus-induced capillary force and repulsive 

part of pair potential due to high concentration at the contact line is overlooked.  

 
CONCLUSION 

 

By means of computational modelling, we show that repulsion pair potential, repulsive wall, 

Brownian, and capillary forces exerted by the meniscus onto the particles are critical determinant 

of packing and ordering in DSA-n. Qualitative visual inspection of DSA-n in graded channels 

from our computational modelling demonstrates that the compressive nature of capillary force 

accompanied by high concentration of particles forms self-assemblages, which are also observed 

experimentally. Experimental observations via systematic change of bulk concentration, pulling 

speed, angle, and direction is consistent with our model hypotheses implying that (i) a 

compressive capillary force perpendicular to the substrate always exists, (ii) self-assembly is 

insensitive to the pulling angles and directions, and (iii) any factor (such as particle concentration 

and pulling speed) interfering with the high concentration at the contact line can tremendously 

affect the assembly packing and ordering as observed experimentally. Furthermore, our 

computational modelling results suggest that immersion capillary force is mainly required to 

maintain the self-assembled particles intact after meniscus recedes.  

 

To date, DSA has mostly been a phenomenological study that requires many time-consuming 

experiments involving multiple variables which have different influences upon varying 

templates. In this regard, our model can be predictive in a better template design now that we 

know the dominating and the importance of driving forces in each regime of particle size. 

Reproducing packing fraction and assemblages configurations in DSA of sub-10 nm particles
16

, 
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the model developed in this work can also make DSA, particularly for particles confinement or 

trapping at sub-10 nm scale, a predictive process. However, more work needs to be 

accomplished to account for more complex template geometries, and convective forces due to 

evaporation process after meniscus recedes. 
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TOC Graphic 

Repulsive Force 

Packing and ordering in capillary assisted self-assembly can be achieved by 

interplay of attractive capillary and repulsive forces before meniscus recedes. 
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Figure 1. Panel A: Previously suggested mechanism of DSA-n by compressive capillary force 

(left panel) followed by the immersion capillary force or line tension after meniscus recedes 

(right panel). Panel B: Our proposed mechanism of DSA-n by a compressive force field 

generated by meniscus and particles pair potential, occurring when meniscus recedes. Coloring 

shows the strength of compressive force field (from red to blue respective to strong to weak). 

 
 

 
 

Figure 2. Panel A: Inclined meniscus applies a compressive capillary force onto the particle 

intersecting the free surface. The vertical component of this force presses the particle towards the 

substrate, while the horizontal component drags the particle along with the meniscus, moving 

from left to right. Panel B and C: Particles configurations and geometrical parameters used to 

evaluate repulsive forces during particle-particle, and particle-wall interactions, respectively.   
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2 
 

 
Figure 3. Fluid- and particle-particle interactions in the dip coating experiment. SEM images in 

panel A, B, and C illustrate the impact of particle concentration ( 67.1 , 28.0 , and 131015.0  cm
-3

 

, respectively) at constant pulling speed ( 3.0 mm/min). Panel D shows top view of 3D MC 

simulations, depicting the effect of contact line concentration of particles on the DSA-n 

configurations. Initial particle volume density decreases uniformly from top to bottom (from 

100% to 10% of the maximum density of 17102.4  cm
-3

, respectively).  Each simulation starts 

with particles randomly placed in the simulation box.  

 

 

Figure 4. Template-particle interactions in the dip coating experiment. Panel A, B, and C 

illustrate that void regions increase with pulling speed ( 1.0 , 3.0 , and 0.1  mm/min, respectively) 

at constant particle concentration ( 131067.1  cm
-3

). Panel D, E, and F show no effect on the 

DSA-n as pulling angle (0, 45, 90 degrees, respectively) increases at constant pulling speed (0.3 

mm/min), and bulk concentration ( 131067.1  cm
-3

). 
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3 
 

 
Figure 5. Prediction of position of packing fraction maxima (blue lines) vs distance along the 

channel, x. As channel gradient increases from top to bottom, the length of ordered zones, and 

the spacing between them decreases (see Equations 11 and 12 for details). 
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Figure 6. Maximum packing fraction (peaks) decreases as number of rows of particles in the 

self-assembled configuration increases from 2 to 6 (red, blue, magenta, green, to black, 

respective to the channels shown in Figure 5 from top to bottom). Packing fraction maxima and 

minima are independent of channel gradient. Dashed and dotted lines are guides for the eye, 

illustrating the decay of maxima and growth of minima of packing fraction. Inset shows the 

relation between channel width (D), wall distance (w), and particles pitch (p). 
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Figure 7. Panel A: BD simulation snapshots showing dynamics of self-assembly of 10 nm 

particles from top to bottom as the meniscus (transparent blue film) moves from left to right. 

Because of Brownian motion, disorder and vacancy defects can also be seen after meniscus 

recedes. Panel B: Top view of snapshots shown in panel A after the top layers of (white) 

particles are removed. Panel C: Top view of snapshots of BD simulation (resized to those in 

panel B) of self-assembly of 1.5 m particles as meniscus recedes from left to right. 
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Figure 8. Comparison of wall (Fw, pink), repulsion pair-particle (Fr, black), capillary (Fc, blue), 

and Brownian (Fb, red) forces involved in DSA of particles against particles diameter. According 

to this figure, Brownian force becomes less important as particle size increases.  
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