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In this paper, we present an ultra-fast, simple and cost-effective way —the direct peeling method (DPM) —to produce nanohairs with high
aspect ratio on fluorinated ethylene propylene (FEP) films within 30s. The FEP films with nanohair structures afford impressive
demonstrations of superhydrophobicity and self-cleaning effect; the characteristics described above along with the flexibility of FEP may
prove useful for solar cells and curved components in the field of biological and technological applications.

© 2009 The Japan Society of Applied Physics

1. Introduction

Nanohair structures have been found to play an important
role among living creatures. The subwavelength anti-
reflective feature on cicada wings is caused by hair-like
structures.” Geckos rely on nanohairs to adhere to ceilings
and vertical walls.” The superhydrophobic property and
self-cleaning behavior on lotus leaves stem from hierarchical
nanohair structures along with a hydrophobic wax coat-
ing;*> since that contaminating particles such as water
droplets and dirt can only lie on the tips of nanohair
structures, they can barely develop strong adhesion forces
and can be removed effectively by rain. Because of the
decent characteristics stated above, the biological nanohair
structures and functions have been applied to the design of
man-made mimics technologically.

During the past few years, multiple attempts have been
reported to manufacture nanohairs. Here, we take some of
them for example. (i) The most traditional one is to use
photolithography or electron beam (E-beam) lithography
followed by etching process to make nanohair structures.®®
(ii) Via applying electric field created by biased voltage
between oxygen plasma and substrate to form a gradient,
nanohairs will be drawn from polymer surfaces naturally
because of dielectric property.” (iii) Nanohairs can be
fabricated by capillarity-driven molding combined with
elongation at mold interface.'” (iv) By means of photo-
lithography or E-beam lithography followed by chemical
vapor deposition (CVD), carbon nanotubes will grow
spontaneously on a silicon substrate.!'"'> (v) Pouring
poly(methyl methacrylate) (PMMA), poly(dimethylsilox-
ane) (PDMS), or polystyrene (PS) to molds made up of
wax, photoresist or alumina template to create nano-
hairs.'"1®) (vi) Melting polymers or filling low viscosity
precursors to nanoporous membranes such as anodic
aluminum oxide (AAO) and polycarbonate filter and then
dissolving them in solutions, such as hydrochloric acid
(HC1) and methylene chloride (CH,Cl,).2%-2D

Although nanohairs can be generated through all the
approaches described above, there are certain kinds of
limitations of these methods. First, we can hardly generate
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hairs with large enough aspect ratio (AR) via (i) and (v).
Second, (ii) is so hard to control that nanohairs cannot be
aligned efficiently. Third, (iv) requires manufacturing proc-
esses which are too complicated to follow. Finally, although
(iii) and (vi) can both be feasible ways to create hairs with
large AR, (iii) needs to be conducted under continuing high
temperature for more than one hour and the membranes in
(vi) can only be used once.

Here, we present a simple and novel way by which
nanohairs with high AR and good alignment can be created
within 30s. Via applying instant high pressure and instant
heating temperature to the polymer layer, the adhesive force
forming between the polymer and mold will enable nano-
hairs with large AR to generate as soon as we peel the
polymer layer off the mold quickly. Here, we go through
only two steps—applying temperature as well as pressure
and peeling off the polymer—in 30s, which proves to be
much more efficient and less complicated than any other
existing methods. Moreover, from scanning electron micro-
scope (SEM) images, the nanohair structure was found to
possess great alignment over a macroscopic area of at least
2.6 cm?. The molds can be used for more than 20 times in
this approach, which is more cost-effective than most of the
other methods.

In this study, we chose fluorinated ethylene propylene
(FEP) to be the polymer base, which is another focus in
addition to direct peeling method (DPM). FEP is a copoly-
mer of tetrafluoroethylene (TFE) using hexafluoropropylene
(HFP); the glass transition temperature (7) is 260-280°C
and the elastic modulus is 70000 pound per square inch
(PSI) at room temperature; its elongation can reach 300%. In
addition to decent properties such as high/low temperature
resistance and acid/base proof, its hydrophobic surface may
transfer to a superhydrophobic structure right after suitable
nanohair structures are created on it; thus, the superhydro-
phobicity resulted from the characteristics of nanohair
structures®>?® will prove useful as a self-cleaning layer on
the surface of solar cells, windshields, windows of buildings
or other devices.

2. Experiments

Figure 1 outlines the schematic illustration of DPM. In order
to form the negative mold necessary in the process, we used
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Fig. 1. (Color online) The schematic illustration of the DPM. First,
we apply high temperature and pressure to the sample for about 30 s.
Afterwards, we manually peel off the FEP film at room temperature,
resulting in nanohairs with high AR.

deep ultraviolet (UV) lithography to pattern a hole-array on
a silicon wafer; later on, through inductively coupled plasma
reactive ion etching (ICP-RIE), the wafer was etched and
holes with depth were created. In our research, we have used
two molds: mold 1 is 5.0 um in depth and 840 nm in width
with a 2um pitch; mold 2 is 3.3 um in depth and 640 nm
in width with a 1pum pitch. After the silicon mold was
prepared, the FEP film (~125um thickness, Dupont) was
placed on the mold and the sample as a whole was put in a
vacuum chamber. Via nitrogen gas (~99% concentration)
with high pressure and tungsten lamp used for heating, we
applied high temperature (larger than 170°C) and pressure
(>120 PSI) to the sample for about 30s. Afterwards, we
manually peeled off the FEP film at a very high velocity at
room temperature, resulting in nanohairs with high AR
(>17) and good alignment over a large area. Figure 1(i)—(iii)
is the schematic illustration of the changes in nanohair
structures during the peeling procedure. Because of capillary
force, FEP filled into the mold’s cavities slightly when we
applied instant heat and pressure. When FEP was cooled
down to room temperature, the FEP already filled into the
mold would cause an adhesive force on the surface of hole
cavities. During the peeling process, the mold-untouched
FEP was elongated to create the long-straight part of
nanohairs and the mold-touching FEP resulted in the
mushroom structures on the tip of nanohairs; as long as
our peeling force was larger than the adhesive force, the
mold-touching FEP would be separated from the mold; the
high AR nanohair structures with mushroom structures on
the tip would be created right afterwards. In this experiment,
we manually peeled several samples under the same
experimental conditions but with different speeds and we
found that the variations of nanohair in height and width
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were not obvious. This result indicates that the configuration
of nanohairs does not depend or only slightly depend on
peeling speed of a FEP film.

3. Results and Discussion

Figure 2 shows the SEM images of FEP nanohairs created
through DPM. Figure 2(a) is a large area of elongated
nanohair structures fabricated from mold 1 (depth: 5.0 um;
width: 840nm). Figure 2(b) is the magnified view of
Fig. 2(a). Likewise, Fig. 2(c) is a large area of elongated
nanohair structures fabricated from mold 2 (depth: 3.3 um;
width: 640nm) and Fig. 2(d) is the magnified view of
Fig. 2(c). Moreover, in Figs. 2(b) and 2(d), it is obvious that
there is a mushroom structure on the tip of nanohairs. The
mushroom structure can be viewed as a proof that FEP only
filled into the hole cavity slightly and adhesive force could
only form and function in a very small area.

Figure 3 presents the changes in hair width and length
under a series of temperature, pressure and heating time
conditions. Figure 3(a) presents the relation between heating
time and hair length as well as hair width in samples
fabricated from mold 2 under heating temperature 210°C
and 300 PSI pressure. As shown in the diagram, the length
of nanohairs ranged from 5.5 to 13.0 um. Since that the FEP
filling into the hole cavity because of capillary force
increases with time, the adhesive force strengthens simulta-
neously; thus, longer nanohairs are produced by elongation
as we peel off the FEP film. However, the width of the long-
straight part of nanohairs did not change obviously with
time. It remained at about 325 nm, which is much thinner
than the width of holes. Figure 3(b) shows that the average
aspect ratio increased from 17.0 to 38.4 as heating time went
by; thus, in DPM, we can produce nanohairs with different
high aspect ratios by controlling heating time.

In addition, when heating time was as short as 30 s, which
is much shorter than that needed for FEP to fill in the mold
completely, it is supposed that only a small amount of FEP
could fill in the mold; however, the length of resulting
nanohairs was longer than the depth of the mold. Therefore,
the depth of the mold is not one of the most important factors
to determine the length of nanohairs while the adhesive force
forming on the contacting surface of the hole and FEP plays
a rather important role. In short, via DPM, we can create
nanohairs with high AR without molds with deep holes in a
very short period of time.

Figure 3(c) demonstrates the relation between pressure
and hair length as well as hair width in samples fabricated
from mold 2 under 210°C and heating time 30s. It is
known from the diagram that the length and width of
nanohairs do not vary obviously with pressure and that the
influence of applied pressure is nearly negligible. Since
that the adhesive force is the main determinant of nanohair
length and the instant high pressure seems to have very
slight influence on it, the applied pressure cannot cause
the length to alter obviously. As for the hair width, it is
similar to that presented in Fig. 3(a), an average of about
325 nm.

Figure 3(d) presents the relation between heating temper-
ature and hair length as well as hair width in samples
fabricated from mold 1 under 30s and 300 PSI pressure. As
is shown in the graph, there is no significant change in the
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Fig. 2. (a) An SEM image of a large area of elongated nanohairs fabricated from mold 1. (b) The magnified view of (a). (c) An SEM image of a
large area of elongated nanohairs fabricated from mold 2. (d) The magnified view of (c).

14 1200 50
13
] [ 454
12 - 1000 W
11 ~
104
35
1 - 800 2
¥ b
-y 1 30 |
§ & % = g
2 5] Leoo & 2 25 ©
£ 5 9
o 6 E =
g 3 g 20+
- 57 La00 = g p—a—"
4 154
¢ E ) i 2
ik 104
5] - 200
j .
14
77777 7 1 R B e e e e e i e e S e e e
0 2 4 8 8 10 12 14 0 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15
Heating Time (minute) Heating Time (minute)
C 15 450 d 20 700
14] E-
] Lo a
13-_ L 17 ~ 600
124 16 ~
P E 350 15

E ] - 250 g E 113 E
= 2 = 10 =
s 74 - £ 9] =
= + 200 5 B =300 =
£ 6 e c 8] 3
= 5] % 150 = 3 ;‘ =
4 F 5: E — 200
3] - 100 b
4 34 ~ 100
24 L 50 5]
1 L 1]
o770 ——
120 140 160 180 200 220 240 260 280 300 160 170 180 130 200 210 220 230 240 250
Pressure ( PSI) Heating Temperature (°C})

Fig. 3. (Color online) (a) The diagram of the relation between heating time and hair length as well as hair width in samples fabricated from
mold 2 (depth: 3.3 um; width: 640 nm) under 210 °C and 300 PSI. (b) The diagram of the relation between average aspect ratio and heating time
in samples fabricated from mold 2 under 210°C and 300 PSI. (c) The diagram of the relation between pressure and hair length as well as hair
width in samples fabricated from mold 2 under 210°C and heating time 30s. (d) The diagram of the relation between heating temperature and
hair length as well as hair width in samples fabricated from mold 1 (depth: 5.0 um; width: 840 nm) under 300 PSI and heating time 30s.
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length and width of nanohairs. In other words, the instant
high temperature can barely influence the length and width
of nanohairs. However, the average width of nanohairs was
450 nm, which is different from that shown in Figs. 3(a) and
3(c), where the measured sample was fabricated from
mold 2 with 640 nm in width.

When we compared the Figs. 3(c) and 3(d), we can see
that the nanohair length in Figs. 3(c) and 3(d) is almost the
same while the samples were fabricated from different molds
with distinct depths. In other words, different kinds of mold
can result in the same nanohair length. Therefore, we have
proved from the results again that the depth of the mold is
not one of the important factors to determine the length of
nanohairs.

In Fig. 3(a) to 3(d), we have demonstrated three fac-
tors—heating time, temperature and pressure — which
might influence the resulting length and width of nanohairs.
From the results, we discovered that only heating time can
cause the changes in the length of nanohairs while heating
temperature and pressure could not. This is because nanohair
length is highly in correlation with adhesive force, and the
heating time rather than the instant heating temperature or
pressure is the most important determinant of adhesive force.
As for the width of nanohairs, it is reasonable to derive that
the main determinant is the width of hole cavity. In
Fig. 3(c), the nanohair width is 325nm, which is about
half of the width of the hole (640nm); in Fig. 3(d), the
nanohair width is 450 nm, about half of the width of the
hole (840nm); in Figs. 3(c) and 3(d), it is presented that
instant heating temperature and pressure have no significant
influence on the width of nanohairs. Therefore, the width
of the hole cavity is obviously the main factor that influence
the width of nanohairs.

Figure 4 presents the relation between contact angle and
nanohair head width. The contact angle was measured via
a contact angle meter (KRUSS GH-100). The volume of
the distilled water droplet placed on the nanohairs was
10uL. In Fig. 4(a), the deionized (DI) water is dropped
on the flat FEP; the contact angle is found to be about
108.0°, which proves that FEP is highly hydrophobic
itself. Therefore, we do not need subsequent hydrophob-
izing treatment such as coating hydrophobic layers in
order to achieve large contact angle. Figure 4(b) is the
picture of DI water dropped on FEP with nanohair
structures fabricated from mold 2; as shown in this
photograph, the measured contact angle is obviously larger
than 136.0°. The maximum static apparent contact angle
can reach 151.8° in our experiments, which indicates the
superhydrophobic property of the combination of nanohair
structures and FEP films.

In this case, for the high AR nanohairs made via DPM, air
pockets were trapped in the spaces between nanohairs,
which resisted the depression of a droplet into the structure.
Thus, the apparent contact angle 6p is given by the Cassie—
Baxter equation for wetting on composite surfaces made of
the solid and air:>¥

cosbp = ficosO+ f1 — 1, (1)

where f] is the ratio of the actual area of liquid—solid contact
interface to the projected area on the horizontal plane of the
rough surface and 6 is the equilibrium contact angle of the
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Fig. 4. (Color online) (a) The digital camera image of a DI water
dropped on the flat FEP. The contact angle here is about 108.0°,
proving that FEP is highly hydrophobic itself. (b) The digital camera
image of DI water dropped on FEP with nanohair structures fabricated
from mold 2. The maximum static apparent contact angle can reach
151.8°. (c) The SEM image of nanohairs on the FEP fiim. (d) A
schematic illustration of the spherical ball assumption for the nanohair
tip in (c). (e) The diagram of the relation between apparent contact
angle and head width of the nanohairs based on Cassie—Baxter
equation (open squares) and revised Cassie—Baxter equation (open
circles). Our experimental data are shown as open triangle symbols.
Inset is an SEM image of nanohair structures on the FEP film under
250°C temperature for 1 h.

liquid drop on the corresponding flat surface. According to
our observations [see Fig. 4(c)], first we assume that there is
a sphere of rnm in diameter [see Fig. 4(d)] on the tip of
nanohairs; the head width of the nanohair tip is »nm, the
pitch of the nanohairs d is 1 um, and the 6 of FEP is about
108.0° [known from Fig. 4(a)]. In Fig. 4(d), based on the
spherical ball assumption, the liquid—solid contact interface
is a semi-sphere with an angle 7w — 6, and the projected area
on the horizontal plane of the rough surface is d>. We can
derive that

2 pr—0
~ /0 /(.) rdOrsin6d¢ ~ 27r2(1 + cos )
B d? N d? '

h @
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Via inserting f; into eq. (1), we can get the relation between
theoretical apparent contact angle and the head width of the
nanohairs. In Fig. 4(e), the square spot indicates the trend of
the Cassie—Baxter equation; the triangle spot demonstrates
our experimental results, most of which are larger than the
theoretical value. The circle spot presents the revised
Cassie—Baxter equation where r is replaced by 0.5 in the
Cassie—Baxter equation. We conducted this revise because
the tip of the nanohair is not exactly a right spherical ball,
but an elliptic volume, where the actual r is smaller than the
width of the head and the actual liquid—solid contact area
(the numerator in fj) is smaller than that we assume.
According to the revised Cassie—Baxter equation, the contact
angles are larger than those in the original one, which fit our
experimental results better in a reasonable way; the contact
angle increases as the head width decreases, which indicates
that the smaller the head width, the larger the contact angle.
In other words, we can use molds with a smaller width of
hole cavities to fabricate nanohairs with small head width,
resulting in large contact angles.

In order to understand the phenomenon of nanohairs
under high temperature, we put the FEP with nanohair
structures in the oven at 250 °C for 1h. From the inset of
Fig. 4(e), we found that even under 250 °C for 1h, the hair
array did not melt or collapse; however, the width of
nanohairs as a whole became a little larger [see inset of
Fig. 4(e)] than that before, but the contact angle still
remained larger than 136.0°. This proves that large contact
angles can be maintained even on heated FEP with nanohair
structures and FEP with nanohair structures truly possesses
good heat-resist ability.

To demonstrate the self-cleaning ability of the FEP film
with nanohairs, we soiled these films with silica particles
3um in diameter [see Fig. 5(a)]. The silica particles here
represent dust. When FEP films were rinsed with deionized
(DI) water, the water droplets rolled off easily and carried
most of the silica particles. Figure 5(b) is the cleaned
FEP surface after rinsed with water. It is shown from the
photograph that the synthetic FEP film with nanohair
structures possess great self-cleaning ability.

4. Conclusions

In conclusion, we devised an ultra-fast and effective way —
the direct peeling method (DPM)—to produce nanohairs
with high AR on FEP films. The main determinants of
nanohair length and width are heating time and the width
of hole cavities. Here, the combination of FEP and the
nanohair structures fabricated via DPM possesses super-
hydrophobicity without any subsequent hydrophobizing
treatment on account of the hydrophobic property of FEP.
And the large contact angle of DI water droplets leads
to the self-cleaning characteristic. Because of the good
flexibility, great solar transmission, extreme-temperature
proof and outstanding chemical resistance, the FEP film
with nanohair structures may be suitable for solar cells,
windshields, windows of buildings, and other curved
components in the field of biological and technological
applications.
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Fig. 5. (a) An optical microscope photograph of the FEP film soiled
with silica particles 3um in diameter. (b) An optical microscope
photograph of the FEP film after rinsed with DI water.
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