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ABSTRACT 
 

In this paper, a simple, fast, all-plasma 
surface modification (APSM) process, which can 
form super-hydrophobic and/or super-hydrophilic 
surfaces is introduced. The APSM process includes 
plasma-induced surface nano-pattern formation, 
substrate etching and surface chemical modification. 
By using this process, large area super-hydrophobic 
or super-hydrophilic surfaces can be fabricated 
easily. The wetting properties can be switched 
between super-hydrophobic and super-hydrophilic by 
simply changing the plasma chemistry. By using a 
stencil mask to selectively modify areas on the 
surface with different chemicals, both super-
hydrophobic and hydrophilic areas can be created on 
a single surface. APSM is an environmentally 
friendly and economic process which can be used in a 
variety of applications. 
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1 INTRODUCTION 

 
A super-hydrophilic surface is a one with 

contact angle of water less than 5° while a super-
hydrophobic surface is a one with contact angle 
larger than 150°. Those extreme wetting 
characteristics have opened up an entirely new field 
for manipulating and controlling the interaction of 
liquids with surfaces. Normal chemical surface 
modification cannot achieve super-hydrophobic 
and/or super-hydrophilic properties. Wenzel [1] and 
Cassie-Baxter [2] first pointed out that it is possible 
to significantly enhance the wetting characteristics of 
a surface by introducing roughness at the right length 
scale. Based on these theories, a variety of 

approaches have been developed to roughen the 
surface with lithographically- defined micro/ nano 
structures [3], micro/nano-porous [4] and other 
surface textures. Both super-hydrophobic [5] and 
super-hydrophilic [6] surfaces have been 
demonstrated by covering the textured surfaces with 
suitable chemicals [5, 6]. However, most of these 
processes are either too expensive, time consuming, 
require the use of harsh chemicals, or cannot be 
easily scaled-up to create large-area uniform surfaces. 

 
2 RESULTS AND DISCUSSION 
 
Plasma induced surface pattern formation 

has been studied in our laboratory and other places 
[7]. In this study, a photo-resist was spin-coated on a 
Si wafer. This polymer resist was then exposed to a 
fluorine (F) and oxygen (O) mixture plasma to induce 
polymer re-deposition on Si substrate.  
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Figure 1. XPS spectra of the polymer surface treated 
by CHF3 and O2 plasma with the spectra of original 
surface as a reference. The selected binding energy 
peaks are in the unit of eV.  
 
X-ray photoelectron spectroscopy (XPS) analysis 
indicates that the chemical composition of the re-

http://www.answers.com/topic/x-ray-photoelectron-spectroscopy


deposited polymer is different from the original 
polymer photo-resist thin film (figure 1). The new re-
deposited polymer consists of carbon (C) and fluorine 
(F) species. In the plasma, the photo-resist surface 
can be activated by ion bombardment or F etching. 
The reactive polymer species can bond with the CFx 
plasma species to form a new fluorinated polymer. 
   Atomic force microscope (AFM) 
characterization shows that the re-deposited polymer 
generated by the plasma reaction is not a smooth thin 
film but appears as separated pillars. The detailed 
image (figure 2), indicates that the pillars are in fact 
open tubes standing perpendicular to the surface, 
with a diameter less than 100nm.  

 

 
 
Figure 2. AFM of the surface pattern induced by 
plasma polymer re-deposition 

 
These plasma-generated polymer nano-tubes 

can be used as a mask to etch the underlying 
substrate. In this study, the Si substrate was etched 
using a gas-chopping etching process, alternating 
between etch and deposition steps. Etching the 
substrate in this way adds additional degrees of 
freedom that can be used to tailor the aspect ratio of 
the surface topography to vary the surface roughness 
and achieve the required super-wetting properties. 
According to the simulations done by Johnson and 
Dettre [8], the water contact angle varies with the 
surface roughness. For example, on a hydrophobic 
surface, where water is conformal with the 
topography, both the contact angle and contact angle 
hysteresis (difference between receding contact angle 
and the advancing contact angle) increase as the 

surface roughness increases. However, when the 
roughness factor exceeds a critical level, the contact 
angle continues to increase while the hysteresis starts 
decreasing due to a decrease of the water surface 
contact area and an increase in the amount of air 
trapped at the interface between the surface and the 
water droplet. This decrease in hysteresis results from 
a change in the dominant wetting behavior from the 
Wenzel state to the Cassie state [5].  Figure 3 shows 
Si nano-needles etched by using the surface patterns 
produced by the plasma polymer re-deposition as a 
mask.  

 

 
 

Figure 3. Scanning Electron Microscope image of the 
Si nano-needles formed by using the deposited 
polymer as mask 
 

Following the creation of the substrate 
surface roughness, plasma treatments were used to 
modify the surface chemistry to create the desired 
super-wetting characteristics. To produce a super-
hydrophobic surface, a C4F8 plasma thin film coating 
process was developed. The plasma causes the 
fragmentation of the C4F8 monomers [9] and the 
resulting CFx radicals can form a fluorinated polymer 
deposit. On a flat wafer surface, this hydrophobic 
coating exhibits a 97° contact angle with water. 
However, when the same coating was applied to the 
Si nano-needle patterned surface, the water contact 
angle increased to greater than 150° (figure 4a). Low-
hysteresis, Cassie super-hydrophobic behavior was 
observed, with water droplets on the coated Si nano-
needle surface rolling off even at very small tilt 
angles. To create a super-hydrophilic surface, an O2 
plasma was used to oxidize the surface of the Si 



nano-needles to SiO2. A normal, flat hydrophilic SiO2 
surface has an 18° contact angle with water, but the 
nano-needle patterned Si surface exhibits super-
hydrophilic behavior, with a contact angle less than 
5° (figure 4b). 

It is clear that the Si nano-needles on a 
surface can enhance the wetting effects of chemical 
modification. Using the identical surface topography, 
a surface can be engineered to have either super-
hydrophobic or super-hydrophilic properties. The 
behavior of the surface coating can be reversed 
simply by changing the plasma chemistry (figure 4).  

 

  (a) 
 

  (b) 

Figure 4. Super-hydrophobic (a) and super-
hydrophilic (b) surfaces made by APSM process. 
Surface (a) treated by C4F8 plasma, surface (b) 
treated by O2 plasma.  

 

By using a stencil mask to selectively 
remove the fluorinated thin film coating and oxidize 
the surface with oxygen plasma, a hydrophilic array 
on a super-hydrophobic surface can be fabricated. 
When pulling this surface out of water, the water 
droplet remained on the hydrophilic part and formed 
a water droplet array on the surface as shown in 
figure 5.  

The APSM process can potentially be used 
in a variety of applications including self-cleaning 
glass, stain-resistant textiles, anti-fogging windows, 
microfluidic chips, drug delivery systems, and 
protein concentrators [10]. 
 

 

Figure 5. Water droplet array on the hydrophilic areas 
modified by oxygen plasma through a stencil mask 
on a fluorinated super-hydrophobic surface.  

 
3 CONCLUSIONS 

 

A simple, fast APSM process has been 
developed to form super-hydrophobic and/or super-
hydrophilic surfaces. Large area super-hydrophobic 
or super-hydrophilic surfaces have been fabricated by 
using APSM process. The wetting property switch 
between super-hydrophobic and super-hydrophilic 
has been demonstrated by simply changing the 
plasma chemistry. Both super-hydrophobic and 
hydrophilic areas have been created on a single 
surface by using a stencil mask to selectively modify 
areas on the surface with different chemicals.  
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