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Abstract 
Wetting is one of the omnipresent phenomena governed via natural laws. 
Moreover, surface wettability at non-ambient temperature especially at high 
temperature (30˚C to 90˚C) is of great importance in many industrial 
processes. In this study, Si wafers with various structures were fabricated to 
investigate wettability at different temperatures. Three shapes with mi-
cro-pillar structured surfaces were designed and fabricated. Pillar-structured 
surfaces were fabricated by photolithography and ICP etching. The tempera-
ture-dependent wettability of single-phase regime droplets was characterized 
using contact angle measurements. The wetting behavior of a water droplet 
was observed.  
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1. Introduction 

Wetting is a normal phenomenon that exists widely in the natural world. Many 
lives take a wetting advantage to adapt to their living environment [1] [2] such 
as the lotus leaves and the fish scale, which have a self-cleaning property [3] [4]. 
Water striders can walk on the water surface [5], butterfly wings show the direc-
tional adhesion [3] [6], mosquito eyes are antifogging [7], and the Namib Desert 
beetle and spider silk collect the water [8] [9]. Controlling the behavior of wet-
ting on solid surfaces has wide applications such as the heat transfer, microflui-
dic system (e.g. fluid flow manipulation in lab on chip devices), and designing 
better surfaces to inhibit corrosion and antifouling. Researchers have been trying 
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to discuss the wetting phenomenon for a long time but the complexity of this 
multi-scale phenomenon still has left much to be understood. 

Since Wenzel reported the effect of roughness on surface wettability [10], re-
searchers found the way to enhance the wetting by modifying the surface 
roughness. Recent advances in micromachining and nanofabrication technology 
have granted researchers the ability to control surface texture and properties. 
This, combined with the fact that surface forces become increasingly important 
on a small scale, makes it an opportune time to focus studies in the area [11]. 
Both hydrophilic [12] and hydrophobic [13] [14] micro-structured surfaces have 
attracted much attention. 

Droplets on micro-structured surfaces can generally adopt two different states 
[15]. The Wenzel state in which the liquid completely wets the entire surface (see 
Figure 1(a)), or the Cassie-Baxter state in which the droplet only partly wets the 
surface, which leaves air in between the microstructures under the droplet (see 
Figure 1(b)). Wenzel proposed that the apparent droplet contact angle in case of 
complete wetting of the micro-structured surface is influenced by the increase of 
the wetted area (compared to a droplet on a similar flat surface). Understanding 
liquid-solid contact [2] and developing applications are core issue of the wetting 
research. 

Moreover, surface wettability at a high temperature (30˚C to 90˚C) is important 
in industrial processes [16] such as water transportation and metal processing 
[17]. Recently, several advances have been made such as the following: superhy-
drophobic surface hot water repellent [18]; the nucleate boiling based on the 
lyophilic micro-structured surface leads high critical heat flux [19]; the fabrica-
tion of wetting-controllable thermally responsive materials [20] [21]; wetting 
transition on hydrophobic microstructures surface during evaporation [22] [23] 
[24]; low temperature heat exchange on hydrophobic surfaces [25]. The theory 
and applications of droplet wetting behavior on hot surfaces are very important 
in the solid-liquid heat transfer system [26]. 

However, the effect of surface morphology and temperature effect on the wet-
ting behavior at high temperatures have not been studied systematically. The in-
vestigation of the wetting behavior of surfaces with different micro-structures 
from 30˚C to 90˚C was described in this paper. Three kinds of micro-structured  
 

  
(a)                                        (b) 

Figure 1. States of droplets on the micro-structured surface. (a) Wenzel state; (b) Cas-
sie-Baxter state. 
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surfaces with different wettability were successfully fabricated on the Si wafer by 
using photolithography and ICP etching technology. The wetting behavior of a 
water droplet was discussed and found to be different on the surfaces when the 
wetting transition occurred at a specific temperature. 

2. Theoretical Analysis  

The contact angle θ on a smooth surface (as shown in Figure 2) was given by the 
Young equation [27]. 

( )_ _ _cos SV SL LVθ γ γ γ= −                     (1) 

where γ_SV, γ_SL and γ_LV are the surface tension coefficients on solid-vapor, sol-
id-liquid, and liquid-vapor interfaces, respectively. 

Both the Wenzel and Cassie-Baxter state has the following relation with the 
intrinsic contact angle θ and the topography of the roughness structure. The 
wetting characteristic of such a surface was first addressed by Cassie and Baxter 
[28] and the apparent contact angle θc was predicted by the following equation. 

( )_ _ _cos SV SL LVcθ γ γ γ∗ ∗= −                       (2) 

where _ _SV SVfγ γ∗ =  and ( )_ _ _1SL LV SLf fγ γ γ∗ = − + , f is the area fraction. Re-
searchers considered the three-phase contact line tension on the liquid-vapor-solid 
phase boundary and presented a new model to predict the contact angle of a wa-
ter droplet on a rough surface [29] [30] [31] [32]. 

( ) ( )( )( )*
_cos 1 1 cos 1 1 cos LVK fθ θ λ θ γ= − + + − +          (3) 

where λ is the line tension and K is the influence coefficient of scale effect. 

3. Experiments 
3.1. Fabrication of Micro-Structured Surfaces 

Silicon wafers with various structures were fabricated to investigate wettability at 
different temperatures. Three shapes with micro-pillar structured surfaces were 
designed and fabricated in this paper. The side lengths of the square and triangle 
pillars were 10 μm and the Hexagon pillars’ side length was 5 μm, which is 
shown in Figure 3. The parameters of these three geometric patterns are shown 
in Table 1. 

Pillar-structured surfaces were fabricated by photolithography and inductively 
coupled plasma (ICP) etching. These micropillars were uniformly distributed in 
a rectangular grid on a glass mask with different values of the area fraction f. A  
 

 
Figure 2. Illustration of the contact angle. 

https://doi.org/10.4236/jsemat.2018.84008


Y. X. Han et al. 
 

 

DOI: 10.4236/jsemat.2018.84008 86 J. Surface Engineered Materials and Advanced Technology 
 

 
Figure 3. Microstructure distribution diagram. 

 
Table 1. Characterization of microstructure geometric parameters. 

Shape of micro pillar Area fraction f K 

Square ( )

2

2

a
a b+

 
4
a  

Triangle ( )
2

2

3

3 2

a

a b+
 3

12
a  

Hexagon ( )( )

23 3
2 3 2

a
a b a b+ +

 3
4

a  

 
Silicon wafer ((100), 4 Inch, 400 μm thick, p-type) was first clear and dry in 

the clean room and then the positive photoresist (S1805) was coated on the Si 
surface by a spin-coater. In the next step, the required pattern was transferred 
from the mask to the photoresist layer by UV exposure and the photoresist was 
partly removed in the developer. The uncovered Si was etched in the ICP etcher 
to finally fabricate the roughness pattern on the Si wafer. The residual photores-
ist was cleared away by the acetone. Etching experiments were performed in an 
STS Inductively Coupled Plasma system [33]. 

The fixed pillar heights (d = 10 μm and 20 μm) for all the pillar-structured 
surfaces was achieved by controlling the etching circles. The fabricated mi-
cro-structured surfaces were measured by the Confocal Laser Scanning Micro-
scope (CLSM), LEXTOLS4000, OLYMPUS. The fabricated micro-pillars’ para-
meters and profiles were shown in Table 2, Table 3, and Figure 4. The fabri-
cated microstructures have a small amount of manufacturing error in the mask 
error and fabrication process, but the error was within a reasonable error range.  

The roughness on the micro-pillar top was an important parameter due to the 
droplet contact with the micro-pillar surface on these areas. On the basis of the 
topography observed by the Confocal Laser Scanning Microscope (CLSM) and 
Atomic Force Microscope (AFM), the top surface on the micro-pillar was rela-
tively smooth and had a root mean square roughness of 0.433 nm (5 μm × 5 μm) 
(as shown in the Figure 5). Therefore, the effect of the roughness on the top of 
the micro-pillar could be neglected in the contact angle test. The surface rough-
ness Ra of the bottom etched Si surface was approximately 0.2 μm. 
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Figure 4. Three-dimensional images of micro-pillars with designed h = 20 μm, (1), 
(2), and (3) shown the a = 10 μm square micro-pillar structures with different space 
between the pillars, b = 10 μm, 25 μm, and 50 μm respectively. (4), (5), and (6) shows 
the a = 10 μm triangle micro-pillar structures with different spaces between the pil-
lars. b = 10 μm, 25 μm, and 50 μm respectively. (7), (8), and (9) shown the a = 10 μm 
hexagon micro-pillar structures (Side length = 5 μm) with different space between the 
pillars b = 10 μm, 25 μm, and 50 μm, respectively. 
 
Table 2. Actual measured parameters of microstructure with d = 10 μm. 

Sample 
Geometric 

designs 

Side  
length a (μm) 
(10, 10, 5 μm) 

Space b (μm) 
(10, 25, 50 μm) 

Depth d (μm) 
(10 μm) 

Area 
fraction f 

SQU a10-b10-d10 Square 1 10.120 9.986 10.882 0.2533 

SQU a10-b25-d10 Square 2 9.933 24.540 12.415 0.0838 

SQU a10-b50-d10 Square 3 9.867 49.333 14.694 0.0278 

TRI a10-b10-d10 Triangle 4 10.373 10.373 12.656 0.1244 

TRI a10-b25-d10 Triangle 5 9.867 25.299 11.147 0.0268 

TRI a10-b50-d10 Triangle 6 9.614 50.345 11.868 0.0116 

HEX a10-b10-d10 Hexagon 7 5.819 9.590 15.251 0.2107 

HEX a10-b25-d10 Hexagon 8 5.819 25.046 12.715 0.0683 

HEX a10-b50-d10 Hexagon 9 6.072 49.586 13.244 0.0258 

 
Table 3. Actual measured parameters of microstructure with d = 20 μm. 

Sample 
Geometric 

Designs 

Side  
Length a (μm) 
(10, 10, 5 μm) 

Space (μm) 
(10, 25, 50 μm) 

Depth (μm) 
(20 μm) 

Area  
fraction f 

SQU a10-b10-d20 Square 1 10.879 9.361 20.226 0.2889 

SQU a10-b25-d20 Square 2 10.879 24.540 19.325 0.0943 

SQU a10-b50-d20 Square 3 10.626 49.333 20.288 0.0314 

TRI a10-b10-d20 Triangle 4 9.843 9.867 19.138 0.1240 

TRI a10-b25-d20 Triangle 5 10.095 25.238 18.165 0.0398 

TRI a10-b50-d20 Triangle 6 9.590 50.233 18.799 0.0117 

HEX a10-b10-d20 Hexagon 7 6.057 9.108 20.890 0.2376 

HEX a10-b25-d20 Hexagon 8 7.067 24.287 19.294 0.0925 

HEX a10-b50-d20 Hexagon 9 6.309 49.839 19.530 0.0255 
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Figure 5. Morphology of the micro-pillar top surface. (a) CLSM image of the square 
micro-pillar; (b), (c) AFM images of the typical topography of the micro-pillar top 
surface (5 μm × 5 μm). The root mean square roughness is 0.433 nm. 

3.2. Contact Angle Measurement 

Gas-liquid–solid interfaces of droplets on a micro-structured surface can be con-
tinuous in the single-phase regime. The temperature-dependent wettability of 
single-phase regime droplets was characterized using contact angle measure-
ments. Contact angle (CA) measurements were assessed at different tempera-
tures with the KRUSS temperature controlled chamber TC21 for the tempera-
ture control of samples and Droplet Sharp Analyzer DSA25 for a contact angle 
measurement, which places a water droplet of 10 μL (volume for a drop to not be 
affected by gravity) on the micro-structured substrate.  

In a real system, however, a range of contact angles is usually obtained in-
stead. The upper limit of the range is the advancing contact angle Aθ , which is 
the contact angle found at the advancing edge of a liquid drop. The lower limit is 
the receding contact angle Rθ , which is the contact angle found at the receding 
edge. In this study, both the advancing and receding angles were measured by 
slowly pumping liquidin to or out of a droplet. The static advancing and reced-
ing contact angles were measured three times using the polynomial fitting me-
thod on each surface. 

The used DI water (18.2 MΩ∙cm) was purified in a DI water system. The fa-
bricated Si wafer was cleared by the RCA cleaning process before taking the 
contact angle measurement.  

4. Results and Discussion 

On micro-structured surfaces, droplets can have many CAs and a droplet on a 
surface must have a stable point at the energetically lowest point. The CA at this 
point was called the equilibrium CA. The equilibrium CA was calculated using 
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the Tadmor equation [34] from our data of the advancing and receding contact 
angles. The hysteresis was determined by some dimensionless parameter which 
was normalized line energy. All the droplets were Cassie-Baxter state on the mi-
crostructured surfaces but the droplet on the square-pillar surface with pillar 
space b = 50 μm and pillar height d = 10 um at 50˚C. 

cos cosarccos A A R R

A R

τ θ τ θ
θ

τ τ
 +

=  + 
                  (4) 

where 
( )

1 3
3

3

sin
2 3cos cos

A
A

A A

θ
τ

θ θ

 
 ≡
 − + 

 and 
( )

1 3
3

3

sin
2 3cos cos

R
R

R R

θ
τ

θ θ

 
 ≡
 − + 

. 

4.1. Profile Characterization and Temperature Effect on Contact  
Angle 

Figure 6 indicates the effect of profile characterization of the micro-structured 
surfaces effect on CAs. Since the roughness enhances the wetting, the mi-
cro-structured surfaces have the larger contact angle than the smooth surface. 
The CAs were decreased and the area fraction f decreases when the space be-
tween the pillars become wider. When the pillar height increases, the equili-
brium CA increases. The contact angles on the micro-structured surface with 
different temperatures (30˚C to 90˚C) were shown in Figure 6. The CAs de-
creased with temperature increases with pillar height was 20 um. As shown in 
Figure 6(a) and Figure 6(b), for surfaces with hexagon micro-pillars, the CAs 
on these surfaces with the higher micro-pillars were more lineally with temper-
ature increasing, the air layer in the micro-pillars buffered the temperature ef-
fect. The similar results also were shown on the surface with square and triangle 
micro-pillars. 

Pillar height was 10 μm and the CA curve of the micro-pillar surface with 
space b was 10 μm, which rose first and then went down when the sample was 
heated. The CA curves of the hexagon- and triangle-pillar surfaces with space b 
were 20 μm also rose first and then went down when the sample was heated. But 
CA curves of the surface with square-pillars had shown the different way, which 
went down first and then rose when the sample was heated. When the space b 
was 50 μm, the CA curve of these micro-pillar surfaces shown the lineal change 
with temperature increase. This phenomenon caused by heated air layer in the 
micro-pillars and the temperature affected surface tension coefficients. 

4.2. Shape and Temperature Effect on Contact Angle 

Figure 7 indicates the effect of the shape of the micro-structured surfaces on 
CA. The Hexagon-pillar and Square-pillar micro-structured surfaces show the 
higher CA when the parameters were the same since the obtuse angle may avoid 
the stress concentration on the solid-liquid contact line. The CAs was first in-
creased and then decrease on all three shapes. The micropillar structured surfac-
es with the space between the pillars b = 10 μm decreased when the temperatures  
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Figure 6. Contact angle curve of the same shape’s micro-structured surface at different temperatures. (a) and (b) show the contact 
angles at different temperatures on the hexagon micro-pillar surfaces with d = 10 μm and 20 μm respectively; (c) and (d) shows 
the contact angles at different temperatures on the square micro-pillar surfaces with d = 10 μm and 20 μm respectively; (e) and (f) 
shows the contact angles at different temperatures on the triangle micro-pillar surfaces with d = 10 μm and 20 μm, respectively. 
 

became high. This phenomenon reduces rapidly when the space between the 
pillars increases, but this was nearly invisible in the CA measurements on the 
micro-structured surface with apillar depth of d = 20 μm. The CA on trian-
gle-pillar surface with the space between the pillars b = 10 μm and pillar depth of 
d = 10 μm went down when the temperature rose over 40˚C, but for Square- and 
Hexagon-pillar surface, the CA went down from 70˚C and 60˚C respectively  
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Figure 7. Contact angle curve of the same designed parameter’s micro-structured surface at different temperatures. (a), (c), and 
(e) show the contact angles at different temperatures on the three shapes with micro-pillar surfaces with space b = 10 μm, 25 μm, 
and 50 μm respectively when the depth d = 10 μm; (b), (d), and (f) show the contact angles at different temperatures on the three 
shapes with micro-pillar surfaces and space b = 10 μm, 25 μm and 50 μm respectively when the depth d = 20 μm. 

 
(Figure 7(a)). As shown in Figure 7(c) and Figure 7(e), the Hexagon-pillar 
surface has higher CA than other two type micro-structured surface with pace 
between the pillars b = 25 μm and 50 μm when pillar depth was 10 μm. However, 
when pillar depth was 20 μm, the CA on Square-pillar surface with pace between 
the pillars b = 10 μm and 25 μm was higher (see Figure 7(b), Figure 7(d)).  
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5. Conclusions 

The investigation of the wetting behavior of surfaces with different mi-
cro-structures from 30˚C to 90˚C was described in this paper. Nine kinds of mi-
cro-structured surfaces with different wettability were successfully fabricated 
using the photolithography and ICP etching techniques. The wetting behavior of 
a 10 μL DI water droplet was observed on the fabricated surfaces. 

According to the observed results, all the droplets were Cassie-Baxter state on 
the micro-structured surfaces except the droplet on the sample SQU a10-b50-d10 
at 50˚C. A wider pillar-structure space causes the contact angle to decrease. The 
contact angles increase when the pillar heights increase. When the pillar height 
was 10 μm, the CAs was first increased and then decreased with temperature 
rising. However, the result shows that relationship of temperature and CAs on 
the micro-structured surfaces with pillar height d = 20 μm was nearly linearly 
dependent. The contact angles were fluctuated by both the temperature change 
and the microstructure effect on the three-phase contact line. 
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