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Abstract 
Polymer electronics is an emerging technology for the last 

decade. For cost-efficient mass production and for thin, 
flexible polymer electronic systems, large area patterning 
processes may be an interesting option as an economic 
production method and will potentially play an important role 
in polymer electronics manufacturing. High resolution 
patterning methods for defining the separation between 
electrodes in electronic devices are important in 
manufacturing. The control of surface wettability during 
contact printing is an interesting approach because of its wide 
variety of applications. Stimuli-responsive surfaces make it 
possible to control the wettability of the surface and have been 
demonstrated by various methods, including UV light-
irradiation.  

Herein, a new strategy was demonstrated using free 
radical initiator to induce mold release between PDMS mold 
and the resins under UV irradiation. For example, by applying 
a thin layer of benzoyl peroxide (BPO) on PDMS surface, an 
increase of contact angle is achieved after UV irradiation. 
This method can be used as a transfer mechanism from mold 
to substrate. It was noticed that sufficient time of BPO 
deposition for the PDMS mold surface treatment is required 
for this strategy. Optimum concentration of BPO and suitable 
solvent system are concerns in the effectiveness of surface 
treatment. From this study, some preliminary insight in 
studying the controlling factors for the UV activation of free 
radicals on PDMS surface was shown. It can be shown that 
the molecular structure, polarity of materials, UV sensitivity 
of the free radical initiators, and solvent used, have direct 
effect on the efficiency of the wettability change under the 
UV irradiation. By knowing the controlling factors of UV 
assisted stimuli responses, printing can be improved and be 
applied in many other cases. 

Introduction 
Polymers are widely used in electronics as passive 

materials. For example, there are photoresist for etching and 
soldering, dielectrics, boards, materials for encapsulating, 
under-filler and coating, electrically and thermally conductive 
adhesives for electronic interconnecting. There are two major 
ways to lower the cost of electronics devices; firstly 
increasing the packaging efficiency of the ICs and secondly 
increasing the cost effectiveness by using volume production 
processes [1]. For a cost-efficient mass production and 
particularly for thin, flexible polymer electronic systems, 
large area patterning processes is a good choice and will most 
probably play an important part in polymer electronics 
manufacturing [2]. 

High resolution patterning methods for interconnects 
printing are important in view of the shrinking size of 
electronic devices. Although photolithography, electron beam 
lithography and other conventional techniques can achieve the 
required resolution, they are not very suitable to flexible 
electronics because they are expensive and generally require 
multiple steps with photo-resists, solvents and developers that 
are difficult to use with plastic substrates [2]. The contact 
printing method has the advantage of being a simple and 
chemical compatible process for flexible electronics.  

Contact printing uses an element with surface relief (i.e. 
the stamp) to transfer material to a substrate. This approach 
has been used primarily to produce printed features that are 
100 µm or larger. The printing process can be separated into 
two parts: fabrication of the stamp and use of this stamp to 
produce relief pattern features on a substrate surface. Usually, 
stamps are produced by replication against a master that has 
the desired relief features. A single master can generate many 
polymer stamps; each one of them can be used many times for 
printing. Its application to electronic systems that incorporate 
micron- or nanometer-sized features is not well explored. The 
property of the inks and the printing process restrict the 
classes of materials that can be patterned. The resolution is 
determined by the properties of the ink and its interaction with 
the stamp and/or substrate, the resolution of the stamp, and the 
conditions that convert the pattern of ink into a pattern of 
functional material. Pioneering work in contact printing was 
performed by Whitesides and co-workers [3-6], leading to 
subsequent application developments and studies of the 
process parameters.  

On top of micro-contact printing, nano-transfer printing is 
a more recent high-resolution printing technique [7-9]. It uses 
surface chemistry as interfacial glues and release layers to 
control the transfer of solid material layers from relief features 
on a stamp to a substrate. However, there is less effort in 
studying the printing of polymer material by surface 
modification.  

Contact printing using soft polymer mold still have some 
outstanding problems [10]. To ensure high efficiency of 
transfer of adhesive from the PDMS soft mold, controlling the 
surface wettability is therefore of major interest.   
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Epoxy Transfer Mechanism 
 shows the ideal printing procedure of contact printing. 

During dipping, the epoxy should be easily picked up by the 
PDMS mold using a higher surface energy of mold surface 
relative to the epoxy. While printing on the substrate, the 
PDMS mold surface should have a lower surface energy 
relative to the printing material to facilitate material transfer 
to the substrate.  

 
Figure 1 Contact Printing procedures 

 
To enable this material transfer mechanism, control of 

surface wettability on mold surface is a key process. The 
control of surface wettability has demonstrated its wide 
variety of applications. Stimuli-responsive surfaces [11] make 
it possible to reversibly control the wettability of the surface 
and a number of approaches have been studied, including 
light-irradiation [12], use of an electric field [13], thermal 
treatment [14] and solvent treatment [15]. 

Among different controlling methods on surface 
wettability, light-irradiation probably is the most effective one 
especially in large volume production. In this paper, novel in-
situ UV irradiation during contact is proposed. Under the UV 
irradiation, surface wettability of the soft mold is changed 
during contact and epoxy transfer is improved. In order to 
achieve surface modification under UV application, free 
radical initiators are used for the surface modification of 
PDMS mold. The strategy will be discussed in the following 
sections.  

UV assisted wettability change by free radicals initiators 
Since the desire printing mechanism is to have 

controllable wetting between the mold and epoxy, a surface 
having a relatively higher surface energy than the epoxy can 
help efficient material pick up during dipping. On the other 
hand, the PDMS mold surface should have a lower surface 
energy relative to the printing material in order to transfer the 
material on to the substrate. To facilitate this change of 

wettability on the mold surface, Feng et al [16] used 
photosensitive semiconductors ZnO and SnO2 nanoparticles 
on silicon surface to modify the surface by having a 
hydrophobic surface before UV irradiation and a hydrophilic 
surface after UV irradiation. However, the mechanism is an 
inverse to our proposed strategy and it took 5 hours to execute 
the significant wetting change. This is not acceptable for 
industrial process. 

Radicals (often referred to as free radicals) are atomic or 
molecular species with unpaired electrons on an otherwise 
open shell configuration. These unpaired electrons are usually 
highly reactive, so radicals are chemically active. In this 
paper, free radicals is used as the surface modifier because it 
can be UV activated in a short time (less than 5 minutes) and 
the radicals is highly reactive in modifying the surface as 
wells as the epoxy [17]. The primary mechanism is given as 
follows: 

1. The free radical initiator is deposited on to the mold 
surface as a thin layer via a weak hydrophobic 
interaction. Its polarity is between those of the PDMS 
and the epoxy resin, so the resin can be easily wetted 
to the mold with a low contact angle. After a few 
minutes of UV irradiation, the initiator molecule 
decomposes into two free radicals with higher 
polarity, and initiates the polymerization of the resin. 
The polymer chain starts to propagate and the 
viscosity starts to increase resulting in a larger contact 
angle. 

2. Since the thin layer of initiator detaches from the 
PDMS substrate and merges into the resin, the wetting 
between the resin and the PDMS is rapidly decreased. 

3. The decrease of wetting helps with the transfer of the 
epoxy from the PDMS surface.  

 

Contact angle measurement of free radical treated surface 
under UV activation 

Commercially available epoxy resins used in this study 
was Epon 828 (Shell Chemical Co.), which is commonly used 
as base resin in many polymer electronics system. Bulk 
PDMS soft mold was prepared be casting. Two hydrophobic 
type free radical initiators were chosen: benzoyl peroxide 
(BPO) (Figure 2) and azobisisobutyronitrile (AIBN) (Figure 
3). Under UV irradiation, the double nitrogen bond inside 
AIBN and the single O-O bond in BPO will cleave leading to 
material release from the mold to the substrate 

Contact angle measurements were conducted for the 
surface treated PDMS mold using the Digidrop contact angle 
meter to evaluate the wettability changes. Different 
concentration of free radical initiators were prepared by 
dissolving them inside 5ml of chloroform and hexane in a 
ratio of 1:5. Chloroform is used for dissolving the free radical 
initiators and hexane is used for better deposition of solution 
on PDMS surface as its surface tension is relatively lower 
than PDMS. Table 1 shows the surface tension of common 
solvent. 
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Figure 2 Chemical structure of benzoyl peroxide (BPO) 

 
Figure 3 Chemical Structure of  azobisisobutyronitrile 

(AIBN) 
 

Material Surface Tension 
Hexane 17.89 dynes/cm 

Chloroform 26.67 dynes/cm 
Ethanol 21.97 dynes/cm 
Toluene 27.93 dynes/cm 
PDMS 19.8 dynes/cm 

Table 1 Surface tension of common solvent 
Three sample measurements were conducted for each 

case. UV irradiation was conducted by using a UVP UVL-28 
2 mW/cm2 UV lamp. The wave length of the UV lamp is 365 
nm. Contact angle of Epon 828 droplet (6µL) for different UV 
irradiation time was measured. Effect for different dipping 
time of PDMS into the solution was also investigated. Lastly, 
a control experiment was conducted by measuring the contact 
angle between deionized water and treated PDMS surface.  

 

Contact Angle Measurement Results 
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Figure 4 Contact Angle Measurement of Epon 828 on AIBN 

treated PDMS (1min dipping) 
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Figure 5 Contact Angle Measurement of Epon 828 on BPO 

treated PDMS (30s dipping) 
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Figure 6 Contact Angle Measurement of Epon 828 on BPO 

treated PDMS (1min dipping) 
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Figure 7 Contact Angle Measurement of water on BPO 

treated PDMS (1min dipping) 
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In Figure 4, contact angle of Epon 828 on different 
concentration of AIBN on PDMS was measured. First of all, 
the wetting became better after treatment of the PDMS 
surface, irrespective of the concentration of AIBN. However, 
the contact angle was not significant affected by UV 
irradiation up to 3mins.  

In Figure 5, contact angle of Epon 828 on different 
concentration of BPO on PDMS was measured. 30 seconds of 
dipping of PDMS was conducted. It can be shown that the 
wetting became better after treatment on PDMS surface, 
irrespective of the concentration of BPO. The changes of 
contact angle were not significant on different UV irradiation 
up to 3 mins of irradiation. This illustrates that insufficient 
time for the solution treatment on the PDMS surface will not 
facilitate efficient BPO deposition.  

As there is no active bonding other than van der Waal’s 
forces between BPO and PDMS surface, sufficient time of 
deposition will help deposition of BPO layer on PDMS 
surface. Therefore, we increased the dipping time for the 
PDMS mold in the BPO solution. In Figure 6, contact angle of 
Epon 828 on different concentration of BPO on PDMS was 
measured. 1 minute of dipping of PDMS was used. It can be 
shown that for small concentration of BPO treatment, a little 
increase of contact angle, i.e. poor wetting on PDMS, after 3 
minutes of UV irradiation. When the concentration of BPO 
increases to 22 mM, the contact angle has significant 
increment (~10 degree) after 30 seconds of UV irradiation. 
However, the changes became steady after reaching such a 
saturation value. When the concentration of the BPO 
continues increasing, the initial contact angle also increases 
and the changes of wetting became insignificant. This may 
due to too high concentration of BPO on the surface leading 
to uneven high concentration BPO region formed on the 
surface. After UV irradiation, some of the BPO was cleaved 
and reacted with the epoxy. This action will lower the contact 
angle slightly in the early irradiation stage. 

In Figure 7, contact angle of water on BPO treated PDMS 
was measured. It can be shown that the BPO works in 
aqueous medium and increases contact angle under UV 
irradiation. On the other hand, for those PDMS without 
surface treatment, the contact angle decreases under UV 
irradiation. 

Parameters Controlling UV-assisted wettability change 
From the results above, the parameters controlling the UV 

activated wettability change can be summarized as follows. 
For BPO structure, the BPO will form a thin layer on the 

PDMS with its benzene ring structure and is able to form 
regular 2D planar or π-π stacking, which alters the surface 
wettability uniformly. After UV irradiation, the O-O bond is 
broken forming two free radicals. The cleaved radicals will 
erect and merge with the resin chain due to a dramatic 
increment in polarity of BPO free radial. This will decrease 
the wettability of the resin on PDMS surface (Figure 8, Figure 
9 and Figure 10). 

On the other hand, AIBN does not induce much 
wettability changes in this system. This can be explained by 
the inability of AIBN to form a regular planar structure due to 
its steric effect. Also, the catalytic activity for epoxy 
polymerization is limited. Since AIBN has a higher polarity 

than BPO, the contact angle with the resin are higher than that 
of BPO (Figure 4 and Figure 5). 

 
Figure 8 Planar structure of BPO (after energy minimizing 

using Chem3D.) 

 
Figure 9 Illustration of the free radical formed from BPO 

 

 
Figure 10 Illustration of radical formation process 
on the PDMS mold under UV irradiation 
 

After UV irradiation, BPO forms the free radicals on the 
PDMS surface. The highly reactive and highly polarized free 
radicals then will react with the epoxy resin above the mold 
[18]. This will in turn erect the BPO structure and leads to 
worse wettability of the resin against the PDMS surface.  
Figure 10 illustrates the process.  

In adopting this strategy, it is important to consider the 
polarity of the resin to ensure matching of the polarity of the 
free radical initiators and PDMS. 

The UV irradiation time and its wavelength govern the 
absorption and effectiveness of bond breaking in the free 
radical initiators. As suggested by Labana et al [18], the 
absorption spectrum for the BPO is high in UV (<400nm) 
range. The matching of the UV wavelength or the dosage of 
UV will affect the activation of the free radical initiators on 
the PDMS surface. However, once the free radicals are 
formed, the wettability change is stopped as shown in the 
plateau region in Figure 6. 

Since the PDMS surface is hydrophobic, the solvent for 
depositing the free radical layer is another parameters in this 
process. To form a uniform thin layer of initiator layer, a 

solvent should possess a lower surface energy than the 
PDMS surface and of medium polarity. One other concern is 
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the solubility of the initiators in the solvent. In this study, 
chloroform is used to dissolve the BPO and hexane is for 
dispersion of solution onto the PDMS surface.  

Conclusions 
In summary, UV activated free radicals initiator is used to 

modify the wetting between PDMS mold and the epoxy 
printing materials via a UV irradiation. This is the first 
exploration of using UV irradiation to decrease wetting 
between molding materials. Sufficient time of BPO deposition 
is required for this strategy but this can be improved by using 
derivatives of BPO to enhance bonding with PDMS surface. 
The results demonstrate a good potential to apply this strategy 
to contact printing. 
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