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other appealing properties.[5] Unsurpris-
ingly, these advantages have facilitated 
the development of artificial hydrophobic 
materials with a variety of applications 
coming after, including self-cleaning win-
dows,[6] non-soiling clothing,[7] and wetta-
bility treatments on microfluidic devices.[8] 
Specially, surfaces with extremely high 
water contact angles and low sliding 
angles, usually greater than 150° and 
smaller than 10°, respectively, are consid-
ered as superhydrophobic surfaces.[9] It is 
worth noting that superhydrophobic prop-
erties are governed by both surface chem-
ical composition (e.g., surface free energy) 
and geometrical microstructures (e.g., 
surface roughness) on the surfaces.[9,10] 
Therefore, current studies that aim at real-
izing superhydrophobicity mainly focus 
on either modifying the chemical proper-
ties of the materials or creating efficient 
microstructures.

Specifically, the impact of geometrical 
microstructures on surface wetting is 
attributed to two mechanisms: homoge-
neous wetting and heterogeneous wetting 
(Figure  1).[11] The former mechanism is 

also well-known as the Wenzel state, in which the liquid pen-
etrates into the gaps between microstructures, while the latter 
mechanism is denoted as the Cassie–Baxter state, in which the 
liquid is supported by the trapped air inside microstructures. 
Additionally, transition states exist when the tips of the micro-
structures and substrates show different degrees of heteroge-
neity.[12] These states result from hierarchical structures, which 
combine the microscale and nanoscale features. Besides, they 
have been found in many natural superhydrophobic creations, 
and proven to be a useful approach to enhance superhydropho-
bicity,[13] thus arousing great attentions over the past years.

At present, a number of fabrication techniques have been 
investigated and utilized to create hierarchical structures, 
including chemical etching,[14] deep reactive-ion etching 
(DRIE),[15] replica molding,[16] deposition,[17] photolithog-
raphy,[18] self-assembly,[19] hydrothermal synthesis,[20] elec-
tron-beam lithography,[21] soft lithography,[22] laser-assisted 
etching,[23] direct laser writing,[24] and so forth. However, 
even though these techniques have successfully produced 
superhydrophobic surfaces, most of them can only fabricate 
arbitrary features with random secondary structures or simple  
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Flexible Superhydrophobic Materials

1. Introduction

Nature has long inspired numerous scientific findings and tech-
nological innovations, especially after biomimicry was found 
to be an important approach to tackle human challenges.[1] In 
particular, living systems such as lotus leaves,[2] insect wings,[3] 
and rice leaves[4] are usually highly hydrophobic, giving rise to 
water-repellency, self-cleaning, anti-fouling, and anti-fog, and 
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3D structures with extruded shapes.[21] Despite several reports 
showing that complex 3D shapes can be achieved, their pro-
cesses are usually quite sophisticated and time-consuming.[25] 
For instance, dual structure with controllable sidewall profile 
has been successfully created on a silicon wafer using DRIE 
combined with black silicon effect.[25a] Further, these methods 
still lack the ability to create real 3D structures with well-
defined geometries, thereby the majority of current studies only 
reflect either statistic results or particular conclusions drawn 
based on simple 3D structures. Additionally, current studies 
mainly focus on creating microstructures on rigid substrates, 
which lack the softness and flexibility that are ubiquitous in  
nature. Herein, a simple and accurate way to fabricate control-
lable 3D microstructures on flexible substrates is still highly 
demanding for in-depth studying of fundamental principles 
behind surface wetting as well as creating novel engineering 
and bionic applications.

Along with the development of additive manufacturing, 
two-photon polymerization (TPP) has become a promising 
method to create real 3D microstructures in microscale or sub-
microscale.[26] During a typical TPP process, a small region 
(i.e.,  voxel) in the photosensitive materials is polymerized 
when two photons are absorbed simultaneously,[27] and final 
structures fabricated are composed of countless voxels that cor-
respond to the digital files after slicing and hatching (Figure 2). 
Owing to the fact that the resolution of TPP can be as high as 
100  nm,[28] various applications such as creating 3D hierar-
chical structures on the substrates have been realized over past 
few years. Besides, fractal structures that possess self-similarity 
on any length scale have also received much attentions for 
creating superhydrophobicity.[29] Recently, such intrinsically 
hierarchical structures have been successfully fabricated using  
TPP as well for wetting study.[30] Furthermore, conventional 
methods usually consider the whole surface as an entirety, no 
particular consideration is taken to convert the wetting perfor-
mance in different areas on the surface. Nevertheless, owing to 
the intrinsic convenience from additive manufacturing, spatial 
control can be incorporated into a digital file, thus creating dif-
ferent microstructures to tune wetting performance at different 
locations. In addition, albeit rigid materials such as silicon and 
silica are the most commonly used substrates for TPP process, 
flexible materials possess several unique advantages when cre-
ating superhydrophobic films.[31] Compared to their rigid coun-
terparts, flexible materials such as plastics are usually cost-effec-
tive, soft, flexible, light, thin, and unbreakable. Additionally, nat-
ural superhydrophobic materials are usually of good flexibility, 
whose effect on the wetting performance has long been ignored. 
It is only recently found that substrate flexibility enhances supe-
rhydrophobic performance along with surface microstructures 
synergistically.[32] For instance, extended water repellency can 
be attributed to substrate flexibility, and other droplet effects 
such as impalement resistance and droplet-substrate contact 

time also benefit from flexible feature. Last but not least, 
flexible films can also be used for further bionic studies such as 
raindrop bouncing on hydrophobic insect wings.

In this article, we have first adopted TPP technique to 
fabricate various 3D hierarchical structures on glass slides, 
including fractal tetrahedron and pyramids arrays, to investigate  
the impact of 3D hierarchical structures on superhydrophobic 
behavior. Afterward, hexamethyldisiloxane (HMDSO) was 
coated on all surfaces via plasma enhanced chemical vapor 
deposition (PECVD) to further enhance hydrophobicity. 
Finally, superhydrophobic flexible film was achieved via  
fabricating hierarchical structures on a plastic film using 
TPP technique, followed by HMDSO coating. We believe this 
method could help people to better understand the meaning 
of fractal and hierarchical structures in nature, and inspire 
the bionic inventions on flexible substrates for various appli-
cations such as biology, chemistry, and microfluidics.

2. Design and Fabrication of Microstructures

2.1. Fractal Microstructures

Apart from regular hierarchical structures that add nanoscale 
features to microscale backbones, Shibuichi et al. have reported 
that hierarchical structures with fractality also have the capa-
bility in achieving superhydrophobicity.[29] However, previous 
studies mainly focus on forming random fractal structures on 
substrates,[9,33] by which the conclusions drawn were statistic. 
Recently, Davis et al. have designed three fractal structures with 
different fractal dimensions using TPP,[30] and they found that 
there was no clear correlation between surface wetting perfor-
mance and fractal dimensions. This finding deviated from the 
theory proposed by Shibuichi. Hereby, we have adopted the 
famous fractal structure (i.e., Sierpinski tetrahedron) to further 
study the relationship between fractality and surface wetting.

Three stages (0, 1, and 2) of Sierpinski tetrahedron have been 
adopted in this article. As shown in Figure  3a–c, the stage-0 
Sierpinski tetrahedron is basically a single tetrahedron without 
any modification, while the stage-1 Sierpinski tetrahedron con-
sists of four identical stage-0 Sierpinski tetrahedrons with half 
size. Similarly, stage-2 Sierpinski tetrahedron is composed of 
four stage-1 Sierpinski tetrahedrons with half size. Herein, four 
copies of the former stage Sierpinski tetrahedron are connected 
to each other with corner touching. It is also worth noting that 
although the volume decreases (approaching zero) as the itera-
tion goes on, the total surface area remains constant.
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Figure 1.  Schematic illustration of two different mechanisms for surface 
wetting. a) Wenzel state. b) Cassie–Baxter state.

Figure 2.  Schematic illustration of a typical TPP fabrication configuration. 
The final structures are composed of voxels in a typical TPP fabrication 
process based on slicing and hatching approach.
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In fractal geometry, fractal dimension has been widely used 
to represent the statistical index of the complexity for objects 
with self-similarity, and it can be simply calculated using 
Equation (1),[34]

D
Nlog

log ε
= − 	 (1)

where D is the fractal dimension, N is the number of the 
parts that form fractal objects, and ε stands for the scaling 
factor. Hereby, we can simply obtain the fractal dimension of 
Sierpinski tetrahedron: Ds =   −  log (4)/log (0.5) =  2.

As the ratio between height and bottom area is constant, it is 
obviously pointless to create a single big Sierpinski tetrahedron 
on a glass substrate, not to mention endless time required for 
fabrication. Given this concern, we have introduced the array 
of Sierpinski tetrahedron, in which each unit has a length of 
20 µm and a center-to-center distance of 30 µm (Figure 3d–f). 
Although when taking the whole array into account, it cannot 
be considered as a fractal object, but fractality still exists in 
each unit. Moreover, as the microstructures are polymerized  
voxel by voxel, the required fabrication time increases drastically 
if the slicing and hatching distances decrease. Therefore, an 
appropriate selection of printing parameters is indispensable. 
Hereby, despite finer slicing and hatching (e.g., 0.2 and 0.1 µm, 
respectively) enable a better result with smoother surface  
finishing, the time cost can be tens of that for normal slicing 
and hatching (e.g., 0.4 and 0.3 µm used in this article, respec-
tively). However, if they are further increased, the overlaps at 
corners where tetrahedrons touch become insufficient, thus 
the top structures may be washed away during development 
of photosensitive materials. Furthermore, the surface finishing 
may become unfavorable, even leading to severe deformation.

2.2. Conventional Hierarchical Microstructures

In addition to the fractal Sierpinski tetrahedron described 
above, conventional hierarchical structures with real 3D shapes 
were also fabricated on glass substrates. Three patterns of 
microstructure composed of rectangular pyramids have been 
utilized. The first pattern is an array that consists of single 
pyramids (Figure  4a), with the length of the square base and 
height of 20 µm. On the contrary, the second pattern is com-
posed of hierarchical pyramids that contain smaller pyramids 
(Figure  4b). In spite of the sizes of square base and height 
being identical to the first pattern, their main bodies are filled 
with 36 small pyramids with length and height of 2.5 µm. Fur-
thermore, we also created the third pattern, in which the entire 
printing area was covered with hierarchical pyramids as well as 
the small pyramids in between (Figure 4c). In order to maintain 
the height of microstructures, the angles of the pyramids in the 
second and the third patterns were different to that of the first 
one. It is also worth mentioning that clear ridges were found 
under scanning electron microscope (SEM) (Figure 4d–f), and 
this discrepancy can be alleviated by decreasing the values of 
slicing and hatching.

2.3. Measurement and Analysis of Surface Wettability

After TPP fabrication, we measured the contact angles for all 
the surfaces with different microstructures described above. 
Here, we used indium tin oxide (ITO)-coated glass slides as the 
substrates. The coated ITO allowed the TPP system to find the 
interface between the glass slides and dropped photosensitive 
materials. A bare substrate without any printed structure and a 

Adv. Mater. Interfaces 2018, 1801126

Figure 3.  Computer aided design (CAD) models of Sierpinski tetrahedron and corresponding SEM images of the microstructure array fabricated by 
TPP. a–c) CAD models of stage-0, stage-1, and stage-2 Sierpinski tetrahedron, respectively. d–f) SEM images of stage-0, stage-1, and stage-2 Sierpinski 
tetrahedron array. The length for each Sierpinski tetrahedron unit is 20 µm and the center-to-center distance between units is 30 µm. The printed 
surface area is roughly 3 × 3 mm.
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substrate with a flat square structure (length of 3 mm and thick-
ness of 10 µm) were used as controls. As shown in Figure 5a, 
although the array of fractal Sierpinski tetrahedron structures 
improved the hydrophobicity of the surfaces when the com-
plexity increased, their wetting performances were still not great. 
This was attributed to the photosensitive resist (i.e., IP-S) used 

for TPP, as it displayed a slightly hydrophilic behavior, which 
has been proved using a flat structure as control. Thereby the 
wetting was at Wenzel state. Moreover, albeit the surface with  
array of stage-2 Sierpinski tetrahedron structures displayed a 
hydrophobic behavior, contact angle decreased abruptly within  
1 min, manifesting that the wetting state transferred from 
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Figure 5.  Left and right contact angles of the surfaces with different microstructures before and after HMDSO coating. a) All the contact angle measure-
ments were conducted before HMDSO coating. b) All the contact angle measurements were conducted after HMDSO coating. The samples in both bar 
charts from left to right are bare ITO-coated glass, glasses with flat IP-S structure, stage-0 Sierpinski tetrahedron array, stage-1 Sierpinski tetrahedron 
array, stage-2 Sierpinski tetrahedron array, rectangular pyramid array, hierarchical pyramid array, and entirely hierarchical pyramid array, respectively.

Figure 4.  CAD models of the hierarchical pyramids and corresponding SEM images of the microstructure array fabricated by TPP. The tilt angle used for 
SEM is 15°. a) CAD model of the array of rectangular pyramids, which has a length of 20 µm for square base and height of 20 µm. b) CAD model of the 
array of hierarchical pyramids, in which the main bodies are filled with 36 smaller rectangular pyramids with length and height of 2.5 µm. c) CAD model 
of the microstructures by which the entire printing area is covered with hierarchical and small pyramids. d) SEM image of the array with pyramids. 
e) SEM image of the array with hierarchical pyramids. f) SEM image of the array with entirely hierarchical structures.
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Cassie state to Wenzel state. Additionally, the array of hierar-
chical pyramids only exhibited a slight hydrophobicity when 
compared to the original array of rectangular pyramids, while 
the entirely hierarchical pyramid structure even displayed a 
hydrophilic behavior.

In order to reduce the surface energy for these surfaces, 
a thin (C:H:Si:O) film (≈ 100 nm) was deposited on all 
samples using HMDSO via PECVD.[13] Herein, the nega-
tive impact from photoresist was alleviated as shown in 
Figure 5b. It is worth noting that the flat surface fabricated 
via TPP possessed a relatively smaller contact angle com-
pared to that of a bare ITO-coated glass slide. However, the 
other surfaces had exhibited a much more hydrophobic 
behavior. For example, surface with the array of stage-0 Sier-
pinski tetrahedrons exhibited a static contact angle of 129°, 
and surface with the array of stage-1 Sierpinski tetrahedrons 
displayed superhydrophobicity as its contact angle was 
larger than 150°. Furthermore, we failed to measure pre-
cisely the contact angle from surface of stage-2 Sierpinski 
tetrahedron as the water droplets merely rolled on the sur-
face rather than forming a sessile drop. This phenomenon 
manifested that the surface possessed even better super-
hydrophobicity, indicating a contact angle close to 180°. 
Additionally, it is worth noting that the sizes of the sessile 
water droplets for each design were different due to the fact 
that small droplets were difficult to introduce to the sur-
face when the hydrophobicity increased. Herein, big drop-
lets were adopted for more hydrophobic surfaces. Although 
the difference of Laplace pressure varied if the size of ses-
sile drop changed, the results shown in Figure  6 were suf-
ficient to indicate that fractal structure was more efficient 
than hierarchical pyramid in terms of imparting hydropho-
bicity to the surfaces especially when considering that the 
fabrication time of fractal structures were significantly less  
(60–70% reduction).

Despite the fact that all the fractal 
structures had the same fractal dimension 
of 2, their hydrophobicity increased when 
the complexity increased, which was sim-
ilar to the performance of untreated coun-
terparts. This can be attributed to the fact 
that small openings between components 
from these fractal structures inhibited the 
penetration of the water, thus maintaining 
the Cassie state. Moreover, this phenom-
enon also implied that fractal dimension 
is not the only or main factor that gov-
erns the wetting performance for fractal 
microstructures. Besides, compared to 
the untreated surfaces, the contact angle 
remained almost constant for more than 
20 min. Even though continuous evapora-
tion of water increased the Laplace pres-
sure of the droplet (due to decreasing 
radius of curvature), there was no abrupt 
change of contact angle occurred. This 
indicated that the microstructures had 
maintained the Cassie state.

On the other hand, array of hierarchical 
pyramid was also proven to be efficient for obtaining superhy-
drophobic surfaces. However, it is worth mentioning that only 
the entirely hierarchical structure possessed the contact angle 
more than 150°, associated with a slicing angle of 2°. Herein, 
it was not as efficient as fractal structures for creating superhy-
drophobic surfaces in terms of fabrication time. Moreover, as 
there was no free space in the entirely hierarchical structure, 
this design is not favorable for flexible films.

2.4. Flexible Hydrophobic Surfaces

As aforementioned, flexibility is ubiquitous in natural superhy-
drophobic creations, and it has been proven to be beneficial for 
the performance of surface wetting. Herein, besides creating 
microstructures on glass slides as described above, we have also 
investigated the wetting properties of 3D microstructures on a 
flexible substrate. Polyethylene terephthalate (PET) is one of the 
most commonly used polyesters nowadays due to its attractive 
properties such as high tensile strength and transparency as 
well as favorable chemical, mechanical, and thermal stability.[35] 
Recently, PET films have aroused increasing attentions in var-
ious applications such as flexible electronics,[36] flexible micro-
fluidics,[37] and advanced sensors.[38] Herein, ITO-coated PET 
film was chosen as a demonstration for surface wetting study. 
During the fabrication process, a glass slide was attached to the 
PET film as a mechanical support to prevent film deformation. 
Besides, an array of hierarchical pyramids was used as a con-
cept-proofing example (Figure 7a), followed by HMDSO coating. 
Since hierarchical microstructures in the array were discon-
nected from each other, detachment of the microstructures did 
not happen after 100 cycles of bending and relaxing, giving rise 
to a robust flexible hydrophobic film. In addition, the fabricated 
surface has indicated the performance of superhydrophobicity 
(Table 1), and its left, right contact angles, and slicing angle were 
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Figure 6.  Images of the sessile drops sat on surfaces with various structures: a) Flat structure; 
b) Array of stage-0 Sierpinski tetrahedrons; c) Array of stage-1Sierpinski tetrahedrons; d) Array of 
rectangular pyramids; e) Array of hierarchical pyramids; f) Structure of entirely hierarchical pyramids.
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measured to be 156.5°, 157.8°, and 2°, respectively (Figure 7b,c), 
which was larger than that of the same structure on glass slides.

3. Conclusion

In this article, various 3D hierarchical structures have been 
created on glass slides and flexible PET films using TPP tech-
nique, including fractal Sierpinski tetrahedron and hierar-
chical pyramid microstructures. We found that untreated 
microstructures only slightly increased the hydrophobicity of  
the surfaces, and this can be attributed to the intrinsic hydro-
philicity of the photoresist IP-S. Nevertheless, after depositing 
a thin layer of HMDSO onto the surfaces, the microstructures 
have proven to be useful for imparting hydrophobicity. It was 
worth noting that although all three stages of Sierpinski tet-
rahedron have the same fractal dimension of 2, better hydro-
phobicity was obtained when the complexity increased. Stage-1 
and stage-2 Sierpinski tetrahedron have proven their ability in 
creating superhydrophobic surfaces. On the other hand, super-
hydrophobicity can also be achieved when applying hierarchical 
pyramids to the surfaces. However, only the microstructures 
that covered the printing area completely with pyramids had this 
ability, making the method inefficient when compared to fractal 
structures as more fabrication time was required. Moreover, 
a PET film was also adopted as a demonstration for printing 
microstructures on flexible substrates using TPP technique. 
The PET film with microstructures maintained good hydro-
phobicity after bending and relaxing for more than 100 times. 
Herein, this method is simple and offers several advantages 
compared to existing methods. To name a few, it does not 
require complex operations such as wet etching to obtain 3D 
structures. Complex structures like Sierpinski tetrahedron are 
no longer unachievable. Digital files used in TPP are easier 
to change than other fabrication protocols, hereby promoting  

prototyping developments. Besides, TPP technique allows 
the creation of different microstructures at different regions 
on a surface, making the surface wetting controllable. Lastly, 
this approach can also be applied in flexible materials that are 
cheaper, robust, and provide a better similarity to natural crea-
tions, by which studies on surface wetting and other phenomena 
in nature can be further investigated. Nevertheless, there is 
one downside of using TPP technique, namely, the fabrication 
speed. Owing to its intrinsic voxel-by-voxel fabrication mecha-
nism, the process of TPP nowadays is still not fast enough to 
achieve mass production. However, various approaches have 
been proposed to make TPP process faster. To name a few, 
novel photoinitiators that possess wide dynamic range have 
been proven to enable a faster TPP process.[39] Moreover, when 
considering the fabrication of a pattern using TPP, multiple 
static or dynamic beams are also good choices.[40] For example, 
multiple focal points (up to hundreds) can be obtained using 
a microlens array, giving rise to simultaneous polymerization 
in different areas.[41] Thereby, the fabrication time for creating 
superhydrophobic surfaces using microstructure patterns can 
be reduced drastically, and large surfaces can also be realized. In 
addition, an optimal balance of laser intensities, chemical reac-
tion rates as well as the movements of galvo mirrors and stages 
also leads to a much faster fabrication speed. To conclude, we 
believe the proposed method has opened a new door for fur-
ther study of surface wetting with respect to the performance 
of real 3D microstructures on flexible substrates, and it can also 
be a useful tool for the development of surface engineering and 
other important fields such as biology, chemistry, flexible elec-
tronics, and microfluidics.

4. Experimental Section
Materials and Equipment: ITO-coated square glasses (length: 

25  mm, thickness: 0.7 mm) and IP-S photoresist were purchased 
from Nanoscribe GmbH. ITO-coated PET film (thickness: 0.127 mm) 
was purchased from Sigma-Aldrich. Propylene glycol monomethyl 
ether acetate (PGMEA) was purchased from MicroChem. Photonic 
Professional System from Nanoscribe GmbH was used to create 
microstructures on either glass or PET substrates. Polaron E5100 
Series II sputter coater was used for gold deposition. JEOL JSM-6320F 
field emission scanning electron microscope (FESEM) was used for 
SEM imaging. Low-pressure plasma system Tetra 100 PC / PCCE was 
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Figure 7.  Flexible superhydrophobic film achieved by creating microstructures on a PET film using TPP technology. a) Photo of the as-prepared super-
hydrophobic PET film. b) Image that showed the behavior of superhydrophobicity of PET film with hierarchical microstructures. c) Photo of the sessile 
drop of water on a PET film. Photos were taken using an iPhone 8.

Table 1.  Left and right contact angles of flexible PET films before and 
after HMDSO coating.

Structure θleft θright θleft (HMDSO) θright (HMDSO)

Bare ITO-coated PET film 77.5° 76.7° 90.1° 90.1°

PET film with hierarchical pyramids 95.3° 93.2° 156.5° 157.8°
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used for HMDSO deposition with the help of Diener Electronic GmbH. 
DataPhysics OCA 25 was used to measure the contact angle.

TPP Fabrication on Glass Substrates: ITO-coated glasses were first 
thoroughly cleaned with acetone and isopropyl alcohol (IPA), followed by 
blow-drying with nitrogen. Afterward, they were mounted on the holder 
with tape, and a small drop of IP-S photoresist was carefully added onto 
the surface of substrates. Then the holder was loaded into Nanoscribe 
system, and 25× 0.8NA objective was selected for fabrication. Although 
63 × 1.4NA objective enables a better resolution and surface finishing, 
associated fabrication time would increase drastically. Slicing distance 
of 0.4 µm and hatching distance of 0.3 µm were adopted when creating 
the job files using DeScribe software. Moreover, as the pattern fabricated 
was roughly 3 mm × 3 mm, stitching was inevitable due to the limitation 
from each printing field, as it was only around 270 × 270 µm. Therefore, 
an array of 11 × 11 patterns was adopted during fabrication process, 
and the fabrication time varied from 1.5 to 3.5 h for different designs 
(entirely hierarchical microstructures required much more time: 10 h). 
After the fabrication finished, the samples were developed using PGMEA 
for 10 min, followed by IPA rinse and air drying.

TPP Fabrication on PET Films: Basically, the fabrication of 
microstructures on PET films is quite similar to that for glass substrates. 
However, as the PET film was flexible and much thinner than glass, a 
square glass (length of 25 mm and thickness of 0.7 mm) was adopted 
as a support. Specifically, the glass was first placed on the holder, 
then cleaned PET film was cut into appropriate size (e.g., 2 × 2 mm), 
followed by mounting together with tape. It was also worth noting that 
Nanoscribe system capitalized on the differences of refractive indices 
between substrates and photoresist to find interfaces, thereby the 
interface between PET film and glass support may interfere with correct 
interface. Given this concern, a small droplet of IPA was added on the 
glass before mounting the PET film, thus the trapped IPA film masked 
the interference from another interface.

SEM Imaging: A 10 nm layer of gold was deposited on the samples 
before SEM imaging. Afterward, the samples were transferred to JEOL 
JSM-6320F FESEM, and an acceleration voltage of 3.0 kV was applied 
for imaging.

HMDSO Treatment: HMDSO treatment was conducted with the help 
of Diener Electronic GmbH. Basically, the samples were activated with 
oxygen plasma first, then PECVD was used to coat a 100 nm layer of 
HMDSO.

Contact Angle Measurement: Contact angle was measured using a 
DataPhysics OCA 25 goniometer. Deionized (DI) water droplets were 
carefully added onto the surfaces of samples and their sizes varied 
depending on wetting behaviors. Afterward, images and contact angles 
were recorded and measured using SCA20 software. All the measurements 
were conducted under the temperature of 22 °C and humidity of 45%.
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