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ABSTRACT 

 
As nano-imprint lithography is being adopted in the large 

area applications like displays and photovoltaic cells, the 
stiction phenomenon, which is the adhesion or in-plane 
friction between the mold and the substrate to disturb fine 
alignment process, can become more important. In this 
study, we analyzed the liquid-mediated stiction caused by a 
thin liquid layer between two parallel plates on the basis of 
nano-tribological approach. The meniscus force induced 
from surface tension was found to be the most critical 
parameter to affect the stiction force. Moreover, it was 
found that the sliding friction force could be remarkably 
reduced by changing the upper mold surface into a 
hydrophobic condition. Based on the experimental findings, 
a mathematical model for the stiction problem was 
proposed for large area imprinting applications. Also 
parametric study has been done for various geometric and 
surface conditions. 
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1 INTRODUCTION 
 

As one of the competitive alternative for nonconventional 
lithographic methods, nano-imprint lithography (NIL) has 
the advantages of high throughput at low cost in addition to 
its capability to replicate micro scale patterns with fair 
uniformity. In the UV-NIL process, a thin liquid resin 
coating is introduced between two parallel plates, mold and 
substrate, before imprinting pressure is applied [1-2]. A thin 
liquid film with a hydrophilic interface can result in the so-
called liquid-mediated adhesion. This high static friction 
due to liquid mediated adhesive force is referred to as 
stiction [3]. Stiction problem has been of interest and 
studied in many micro/nano systems such as the 
investigations of friction/adhesion of an atomic force 
microscope (AFM) tip, and the fabrication of microelectro-
mechanical system (MEMS) devices [4]. 

NIL has been adopted in many large area applications 
such as the display and photovoltaic cells. As the target area 
of imprinting is increased, the in-plane alignment force to 
overcome high static friction becomes stronger. Therefore, 
it may cause difficulties in the accurate aligning movement 
in the large area NIL process. 

In this study, we analyzed the liquid-mediated adhesion 
/stiction caused by a thin UV-resin layer between two large 
parallel plates on the basis of nano-tribological approach, 
and investigated the parameters related to the resisting force 
during the alignment process in large area NIL applications. 

 

2 MODELING 
 

When two hydrophilic surfaces come in close proximity in 
the presence of a liquid film, primary factors of liquid-
mediated adhesive/stiction forces between two parallel 
plates can be divided into three components: the molecular 
Van der Waals force, the viscous shear force, and the 
meniscus force due to surface tension [5]. 
1) Van der Waals force 
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  where AH is the Harmaker constant, h is the gap height 
between two plates and A is the effective area. 
2) Viscous shear force 
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where η is the viscosity, V is the relative velocity of two 

plates. 
3) Meniscus force 
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where γ is the coefficient of surface tension, and θ1,2 are 

the contact angles of liquid on each plate. 
In cases of 1) and 3), these attractive forces can be 

modulated into lateral friction forces by applying 
coefficient of friction, μ. These forces increase for smaller 
gap and larger area.  

For the actual comparison of each factor’s contribution, it 
was assumed that alignment process with relative velocity 
of 5 mm/s was done on 300×300 mm sized glass substrate. 
It was selected that η is 1.0E-3 (N·s)/m2, γ is 0.041 N/m, and 
θ1,2 is 60° for liquid resin. Table 1 shows the magnitudes of 
each force for various gap heights. 
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h 

(㎛) 
vdW 

force (N) 
Viscous 
force (N) 

Meniscus 
force  (N) Ref. 

 1 3.963E-05 0.90E-1 2622.31 

 5 3.170E-07 0.18E-1   524.46 

10 3.963E-08 0.90E-2   262.23 

weight 
= 2.2 N 

Table 1: Order of magnitude analysis of stiction force 

 
The magnitudes of Van der Waals and the viscous force 

were significantly smaller than that of the meniscus force 
for the studied cases. Therefore, it is obvious that the 
meniscus force due to surface tension is the dominant factor 
in stiction although the force is decreased by increment of 
gap height. 

For an interface with hydrophilic surfaces, the attractive 
meniscus force arises from the negative Laplace pressure 
inside the concave meniscus as a result of surface tension. 
The product of this pressure difference and the wetting area 
is the normal force in friction mechanism. Vertical adhesive 
force as a result of liquid mediated adhesion can be 
transformed into in-plane sliding friction by combining this 
normal meniscus force with friction coefficient, μ. 

 

1 2(cos cos )
stiction VdW viscous surface

tension

A
F F F F

h

g q q
m

+
= + + »       (4) 

 
This relation can be applied to the quasi-static tangential 

sliding model for liquid mediated friction in NIL alignment 
process. The resultant friction force in alignment process is 
highly dependent on the effective wetting area, the contact 
angles between liquid and each plate, and the gap height.  
During NIL process, a thin liquid resin film between the 
mold and the substrate can be modeled as a single liquid 
bridge between two flat surfaces in the flooded regime. In 
such case, the effective meniscus area covers whole 
patterning area of mold and increases with the expanded 
mold size. Therefore, stiction problem can be very 
important in large area and conformally contacted 
imprinting case with minimum residual layer. 

 
3 EXPERIMENTS 

 
The experimental studies to confirm the derived friction 

model have focused on effects of parameters such as the 
geometries (wetting area, gap height) and the surface 
property (contact angle) at given operating conditions. 

In-plane aligning movement in the large area UV-NIL was 
simplified as the sliding between two flat plates with thin 
liquid film in between. To measure the friction force 
between the liquid mediated plates, the pulling test at a 
controlled speed was conducted by using Universal Testing 
Machine (UTM) as seen in Figure 1. The sliding velocity 
was limited to 10 mm/min to conserve wetting area during 
sliding and exclude the effect of viscous shear force. 

The pulling force needed to initiate the sliding of the 
upper plate on the fixed lower plate can be measured by a 
load cell during the pull.  

 

 
·  UTM pull test setup: 5KN Load cell, V = 10 mm/min  
·  Lower plate = 370×470 mm Acrylic plate (T2.0)  

·  Upper plate = 210×290 mm Acrylic plate, Glass (T0.7)  
·  Liquid = Black ink  (for visualization of wetting area)  
·  Surface tension coeff., γ = 0.041N/m (Black ink)  
·  Contact angle, θ = 65˚ (acrylic-Ink), 50˚ (glass-Ink)  

Figure 1: Experimental setup for align friction test. 

 

3.1 Geometric condition  

First experiment was done to investigate the effects of the 
change in geometric dimensions (wetting area, gap height) 
with increasing volume of liquid resin. Because it was very 
difficult to control the area and height independently, more 
general parameter, A/h (wetting areas/gap height), was 
selected. Fig. 2 shows the comparison of analytical values 
and measured data of in-plane friction force with respect to 
its geometric condition, A/h. 
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Figure 2: Experimental results for the A/h 
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It can be seen that the pulling force was proportional to the 
wetting area of liquid film, and inversely proportional to the 
gap height between plates without external load. 

 

3.2 Surface condition  

The influence of the contact angles on the stiction force 
was investigated by pulling test with various surface 
conditions. The UV/Ozone treatment of upper plate could 
make various hydrophilic conditions depending on the 
exposure time, and the SAM (Self-Assembly Monolayer) 
coating using 0.5% surfactant (Trichloro-silane + Heptane) 
solution was used to make hydrophobic surface condition. 
Table 2 shows the contact angles according to various 
surface treatments. 

 

Treatment Contact angle Property 

SAM coating 95º Hydrophobic 

Bare glass 50º Normal, Untreated 

UVO   2min 35º  

UVO   7min 25º Hydrophilic 

UVO 14min 20º  

 
Table 2: contact angles for various surface treatments. 
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Figure 3: Pulling forces with respect to surface treatments 
 

Fig. 3 shows the measured data of pulling test, and it 
exhibits typical frictional behavior without external load. 
The pulling force to initiate sliding was increased as the 
surface become more hydrophilic and stick-slip motion to 
prevent fine aligning movement is also detected. When the 
NIL using capillary mold filling extended to large area 
applications, accurate movement to align the mold and  the 
substrate can be disturbed by these two factors, stiction and 
stick-slip.  

However, when the surface of upper plate was treated by 
hydrophobic SAM coating, the friction force was reduced 

by almost half and stick-slip motion disappeared. Lower 
plate, substrate, is usually needed to be hydrophilic because 
assurance in adhesion between the resin and the substrate is 
needed. Therefore, the stiction in alignment process can not 
be eliminated completely and increases with larger mold 
size. 

In both the measured data and the analytic solution, 
friction force was found to be directly proportional to the 
product of cosine function of contact angles and wetting 
area of plates. It was also observed that friction forces 
increased with UV/ozone exposure time which makes 
surface more hydrophilic.  
 

4 CONCLUSION 
 

This article presents the mathematical model for align-
stiction problem in large area imprinting process. The 
equations for relative sliding motion of two flat surfaces are 
introduced and it was found that the meniscus force due to 
surface tension is the dominant factor in the alignment 
process. In the large area NIL process, the presence of the 
liquid films of the UV curable resin can significantly 
increase the adhesion between mold and substrate.  

The effects of the geometric conditions (wetting area, gap 
height) and the surface conditions (contact angle) were 
investigated experimentally by measuring the friction 
forces between the liquid-mediated plates. The results show 
that the friction force depends on the product of wetting 
area and the cosine function of contact angle. Therefore, we 
can reduce the friction force remarkably by changing the 
contact angle of upper mold plate using a hydrophobic 
surface treatment. 
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