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ABSTRACT

Hypothesis: The electrowetting on dielectric or EWOD phenomenon is used in a

wide range of applications, such as Liquid Lenses, Lab-on-Chip devices, or EWOD displays, among others. Its chemical resistance, electrical stability, ease of
application, and low cost make polytetrafluoroethylene (PTFE) the preferred hydrophobic dielectric layer for such applications. However, the hydrophobic behaviour
represents a challenge for spin coating other layers over its surface. As a consequence, several techniques are implemented to modify the surface of PTFE. These
methods are complex, time-consuming, and produce morphology changes over the surface that are difficult and sometimes impossible to recover. In this work, we
propose a new surface modification method that is based on a non-coherent UV light exposition method and a specific water treatment, that lead to a change from
hydrophobic to hydrophilic, and a perfect recovery from hydrophilic to hydrophobic behaviour.

Experiments: In this work, the fabrication of the hydrophobic layer treatment starts with the creation of a thin layer of alumina (AL O5) over a glass substrate using an
atomic layer deposition technique (ALD). A mixture of 10:1 FC40 solvent and Teflon Dupont AF1600 was coated over the alumina layer. The Teflon film was exposed
to UV light produced by a low-pressure mercury (Hg) lamp for a period that ranges from 3 — 6 min. The results were analysed by scanning electron microscopy, x-ray
spectroscopy, and static deionized water contact angle measurements.

Findings: Contact angles dependent on UV light exposure time were observed. From the scanning electron microscopy analysis, it was confirmed that the UV
treatment does not produce morphology changes over the surface. Nevertheless, the x-ray spectroscopy revealed that the UV exposed samples react when they are
brought into contact with deionized water, improving the adhesion of the surface. The original hydrophobic behaviour of the surface is recovered (up to 98 %) after

3h of thermal treatment. Furthermore, the thermal recovery analysis reveals a correlation between the recovery percentage and the applied temperature.

1. Introduction

Among the wide range of superhydrophobic and hydrophobic
coatings [1,2], polytetrafluoroethylene (PTFE) is widely used for elec-
trowetting on dielectric applications were a low-cost hydrophobic layer
is needed. Nevertheless, this material faces important challenges. One
of these may be the porosity of the layer that can eventually lead to
electrical breakdown. This problem can be partially solved using a two-
layer dielectric approach, which combines a few nanometers of alumina
layer with a micron layer of PTFE. Another challenge may be the hy-
drophobic characteristic of the surface since there is always the need to
spin a resin layer onto the PTFE layer. Consequently, to increase the
adhesion of the surface, several different treatments have been pro-
posed in the literature: chemical etching with sodium naphthalenide
(CroHgNa), oxygen plasma etching, argon plasma etching, argon ion
beam etching [3-5], dielectric barrier discharge plasma [6], excimer
UV radiation [7] and y-ray irradiation [8]. In the past several decades,
chemical etching of PTFE surfaces using sodium naphthalene solutions
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has been widely adopted in the industry [3]. In order to generate
changes in the surface wettability, the PTFE films are immerse in so-
lutions rich in sodium naphthalene for 30-60s at 50 °C. Although this
particular surface modification method proves to be simple and fast, it
involves the use of harmful chemical compounds. Moreover, the surface
morphology after such treatments reveal the presence of widespread
cracks and defects that prevent wettability recovery. An alternative
approach to enhance the adhesion of fluoropolymer surfaces is plasma
treatment [3-5]. A variety of morphological and chemical modifica-
tions take place over the polymer surface when is exposed to plasma
gases. Among the surface modification mechanisms, physical bom-
bardment by energetic ions, chemical reactions at the surface and
crosslinking are the most relevant. Short periods of tens of a second
suffice to produce changes in the films. Nevertheless, the method re-
quires a complex and costly setup. Additionally, morphological changes
over the surface are hardly reversible. lon beam treatment has been
reported as a fast and effective solution to improve PTFE adhesion [3].
It consists in bombarding the sample with ions of argon and oxygen to
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Table 1
Recipe for 1 um Teflon layer. o S
e
Step Parameter Value £ g
28
1 Velocity 500 rpm/s g = RTLRA
Acceleration 300 rpm
Time 10 s .
2 Velocity 3000 rpm g :
Acceleration 300 rpm/s S o
Time 60s &5 RIBBEI
= L
§|.®
Table 2 E|5ET | =38338]
UV Contact angle for different exposure times. 5 -
& &
Exposure Time (minutes) 0 3 4 5 6 E E %;0 axTaaa
) g < .-
Contact Angle (°) 123 94 72 51 31
g
Pe
produce morphological and chemical changes. However, analogously to g9
. . =]
plasma treatments, the morphology changes avoid the recovering of the E, &‘j TI3938
initial wettability. In [6], the effects of DBD or Dielectric Barrier Dis-
charge Plasma over PTFE were investigated. A Dielectric Barrier Dis- .
charge Plasma system is composed of 2 electrodes spaced by few mil- gy
limeters where air plasma at atmospheric pressure is generated. The 3 E" O O o o
. . ~ N O T 10D O
samples are bound to the lower electrode and are displaced-mechani-
cally back and forth to avoid non-uniformities in the treatment. The B ©
morphology changes associated with this technique are comparatively 8| o P | comowa
. . . E =] 5 9} nNANOMmIF T O
smaller than in plasma-etched surfaces. Nonetheless, it remains to be s
- 8 =~
seen if the surface can be properly recovered through thermal an- S I

. . P . . . o < =
nealing. In [7], excimer UV radiation has been extensively investigated ElE® IR2QIIY
as a surface modification technique for polymer films. The irradiation of w =< T
PTFE samples with excimer laser pulses induce etching over the surface =
and alter the surface morphology. As a consequence, the wettability % Eé
changes dramatically. Cracks, bubbles and disruptions are frequently g2

. . . : g
observed in the treated sample, which clearly compromises the possi- § g 2NN g o
bility of surface recovery. As it was investigated in [8], y-ray radiation
could potentially be used for surface modification of PTFE. However, .
the highly specialized setup needed to perform the treatment makes this g
method hard to implement. These treatments have different advantages g = ®NMmg o
and disadvantages, but all of them produce morphology changes, which ) =< oo me
are difficult to recover and, in some cases, produce irreversible effects. E . o
Since it is desired to fully recover the hydrophobic behaviour after resin S| 8| o _ | 40Ny
. =] E Py [ NHO = TN
development, the commonly used methods are not always suitable for S| g
electrowetting applications. 3 A I
. . . . - [

It is well known that UV light can be used for surface activation % g E %0 IR9%S8
purposes [9,7,10-14]. In this process, the high energy UV photons 2 A o
break up chemical bonds at the surface. This bond forms new com- = .

. L . 5
pounds depending on the gases or liquids that are present during and 5 % E‘
after the treatment. Since it is often performed at atmospheric pressure, % g9
. . . . . . =}
oxygen and its photooxidation derivate, as ozone, play a major role in _E &‘-‘j E 253538
the improvement of wettability due to the increment of surface energy g
purposes [9,15]. In spite of its simplicity and scalability, this treatment 8 .
has not been reported yet for EWOD applications. In this paper, this g g
method is performed, characterized and analysed. g 3 g" NOoNy®’Y,
g -4 o
[
2. Experimental 5| g o o
ElE|BEC| 32285
L S| 8 ~
2.1. Sample fabrication ol & )
5 £ | B9
L . . S| E|E® 288388

The fabrication process starts with the deposition of a 25nm alu- al o | E< b g B SR
mina layer over glass substrates using an atomic layer deposition % )
technique. A layer of hexamethyldisilazane (HMDS) is then deposited E <
onto the alumina layer. Our previous work [16] has proved that the use o %
of HMDS not only increases the adhesion over alumina but also gets ™ g g
better contact angle values over the hydrophobic layer. A mixture of =8 E) w&BER A

Lo B B B |
10:1 FC40 solvent and Teflon Dupont AF1600 was prepared and £ &
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Fig. 1. Relation between contact angle and exposure time.
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Fig. 2. Wetting process after treatment. When a drop of deionized water is placed over the treated sample the final contact angle does not set instantly: (a) t = 0s (b)

t=2s(c)t=11s(d) t = 44s (e) t=1.36 min.
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Fig. 3. Relation between Recovery percentage and Recovery time.

spinned-coated over this layer according to the recipe shown in Table 1.
After that, the samples were heated in an oven at 105 °C for 10 min and
then put in a hot plate at 165°C for 5min. The PTFE layer has a
thickness of 1 pm.

2.2. UV treatment

The UV treatment was performed inside a closed stainless steel
compartment without vacuum. The distance between the low-pressure
mercury lamp and the sample surface was 5mm. The average irra-
diance of the lamp was 30 mW/cm?> @ 253 nm wavelength. The sam-
ples were left inside the chamber for periods of 3,4,5 and 6 min.

2.3. Contact angle measurement

The static contact angle was measured for 24 samples in three dif-
ferent time steps: before and after the UV treatment, and after the
thermal recovery. The initial contact angle was obtained from the
average of the 24 samples. After that, in order to measure the effect of
the 4 different applied exposure times, the 24 samples were separated
into 4 groups of 6 samples. In each case 10 pL drops of deionized water
were carefully placed over the surface and the contact angle was ob-
tained through image processing. Left and right contact angles were
measured separately. Regarding surface recovery, the hydrophobic
behaviour of the samples was recovered for 3h to 6 different tem-
peratures, 75°C, 105°C, 135°C, 165°C, 195°C, and 225°C. The
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(a)

Fig. 4. Final angle contact: (a) Not treated sample, (b) Treated sample (UV exposition time of 4 min), and (c) Treated sample (Heat treatment 3h at 165 °C).
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Fig. 5. SEM Captures comparison: (a) Not treated sample (b) Treated Sample (UV exposition 6 min) (c) Treated Sample (Deionized water 30 min) (d) Treated Sample

(Heat treatment 3 h).

maximum employed temperature value was chosen based on the
maximum temperature that the AF1600 can withstand.

2.4. Morphological and chemical characterization

Scanning electron microscopy (SEM) was used to analyse the sur-
face morphology of the samples before and after the exposition to the
UV light treatment. Besides, X-ray spectroscopy allowed the determi-
nation of the surface chemical composition before and after the ex-
position. The following compounds were tested: C 1s, O 1s, F 1s, Al 2p,
and Si 2p. Carbon and Fluor are atoms that form the monomer of PTFE
(CF2), while the oxygen content seems to be related to the wetting
modification. Additionally, aluminum content was analysed to assess
the porosity of the thin film. Silicon determination was performed since

Silicon is part of the chemical structure of HMDS (Table 2).

3. Results and discussion
3.1. UV exposition time and contact angle correlation

The contact angles averages are depicted in Table 3 for different
exposure times. In Fig. 1 it is clearly seen that the contact angle di-
minishes as the exposure time increments. It is important to remark that
the contact angle of a drop of water in contact with the modified surface
takes up to 1.36 min to reach its final value. In other words, the wetting
process occurs when deionized water is put in contact with the surface.
This phenomenon was captured in a video, five captions of it are shown
in Fig. 2. It could indicate that water itself plays a major role in the
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Fig. 6. XPS spectrums: (a) Reference Sample (b) Treated Sample (UV exposition 6 min) (c) Treated Sample (UV exposition 6 min + 30 min deionized water) (d)

Sample Recovering (3h at 165 °C).

process and that the main changes are chemical and not morphological.
The variability in the contact angle value can be explained by the
natural heterogeneity of PTFE (i.e. coexistence of crystalline and
amorphous phases) that define different light absorption behaviour
over the same sample.

3.2. Thermal recovery

The surface hydrophobicity can be recovered by thermal treatment.
Table 3 depicts the results of samples treated at 6 different tempera-
tures and 4 different exposition times. The recovery percentage is cal-
culated as follows:

RecoveryAngle. 100

Recovery percentage =
P & InitialAngle (€D)]

The recovery percentage covers the range from 38 % to the 98 %.
The data show a correlation between the applied recovery tempera-
tures, the employed exposure time, and the recovery percentage.

In particular, Fig. 3 shows the relationship between the applied
temperature in the thermal recovery process and the achieved recovery
percentage for the different applied exposure times. As depicted in
Fig. 3, 6 different temperatures have been employed to recover the
original contact angle. It is important to notice that the maximum ap-
plied temperature has been selected according to the maximum
working temperature of the AF1600. The obtained curves reflect that
the recovery percentage decreases when the applied exposure time in-
creases. These variations between the final contact angle values and
original ones could be due to the fact that increasing exposure time

results in a larger drop-off in the contact angle, which in turn is more
difficult to recover with the same applied heating treatment time.
Furthermore, it is important to highlight that the recovery percentage
increases when the applied recovery temperature decreases.

Fig. 4 displays the contact angle variation between hydrophobic and
hydrophilic behaviour. In particular, Fig. 4a shows a contact angle of
120° of a reference sample, Fig. 4b illustrates a contact angle of 47°
result of a 4 min UV treated, while, Fig. 4c depicts a sample with a
contact angle of 84°, which has been subjected to the entire process at
165 °C.

3.3. Morphology changes

In order to reveal the possible morphological changes due to the
treatment, four samples were analysed using SEM. In Figs. 5a the re-
ference sample is shown, in Fig. 5b a 6 min UV treated sample is illu-
strated, while, in 5c a UV and deionized water treated sample is dis-
played, and finally, in 5d a sample which, has been subjected to the
entire process. In all cases, a homogeneous nano-porous structure is
seen. This is clearly different from other structures PTFE layers reported
in the literature where the morphology of the layer is highly modified
after different specific treatments [3,6,7,16,17]. Fig. 5 shows that there
are not any visible cracks, spires, spherulites or morphological changes
after the treatment. As a consequence, it can be concluded that the
process does not morphologically damage the surface.
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Fig. 7. Data Analysis of XPS spectrum: (a) Carbon analysis (b) Oxygen analysis (c) Fluor analysis.

3.4. Chemical modification

Four samples were tested by means of x-ray spectroscopy mea-
surements: The first sample was used as the reference, the second one
was subjected to 6 min UV light treatment and the third one was ex-
posed to 6 min UV light and after that 30 min under deionized water.

m REFERENCE
m UV TREATMENT (NO WATER)
WUV TREATMENT + 30 min H20
W RECOVERED

Finally, the fourth sample was exposed to the same UV treatment as the
third one and then recovered by three-hour thermal treatment at
165°C. In Fig. 6a-d the spectrums of each sample are shown. The
spectrums show a clear difference in the sample treated with water,
where the Fluor value has decreased while the oxygen content has
dramatically increased. After the thermal recovery, these elements
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Fig. 8. Static contact angle measurements for 3 samples Aged during 1 Month after being treated and thermally recovered.

seem to return to values previous to the treatment. However, it is dif-
ficult to assess the real difference without computing the data in a
different manner and excluding common groups attributed to carbon
contamination. To analyse this, the concentration of each compound
has been plotted in Fig. 7a—c.

In Fig. 7a it is easily observed that the groups identified as carbo-
nates and —CF3 (293.81 eV) follow a similar trend: The UV treatment
slightly diminish its concentrations while in contrast, when the sample
is submerged in deionized water, the concentration of both groups
plummet. The thermal recovery returned these values to levels close to
the reference. From Fig. 7b it is clear that large quantities of oxygen are
introduced in the sample when it is treated with water. In addition,
Fig. 7c shows a process known as defluorination, where the Fluor
content suffers a marked decrement. These changes have been reported
as the main cause of surface modification from a chemical point of view
[7,19]. As a consequence, the explanation for the change in hydro-
phobic behaviour could be similar to another already known process
[3,16]. The exposition to UV light promotes cleaning and produce ra-
dical formation over the surface. This radical tends to link with other
groups present during the treatment, mainly oxygen species. Never-
theless, these new bounds are not enough to change the surface beha-
viour. When the deionized water gets in contact with the treated surface
a major chemical reaction takes place. During this reaction, further
oxygen species are introduced on the surface. At the same time, water
seems to facilitate the defluorination process.

In general, surface modification chemistry depends on oxygen spe-
cies that link to radicals. Additionally, it depends on a slower process
where the radicals connect each other producing interchain cross-
linking [18]. This last process produces more stable surface properties
since it creates a barrier that stops diffusion from the top into the bulk.
The thermal hydrophobic recovery may be a consequence of three
possible phenomena: reorientation of induced polar groups into the
bulk, diffusion of species located on the surface and/or chains relaxa-
tion [18,20] in the first monolayers at the surface. In this study, the
surface recovery can be achieved easily by thermal treatment. This may
indicate that crosslinking is not the dominant effect in the surface
modification. Therefore, oxygen species that link to radicals could be
the main responsible for this change.

In order to test if the recovery continues after the thermal treatment,
3 samples were fabricated, treated with UV exposition and water,
thermally recovered and stored in standard room conditions at 25 °C for
one month. Fig. 8 shows that the recovery process slowly tends to the
initial contact angle after the thermal treatment. In the three cases the
recovered angle, i.e. the difference between the yellow and grey bars in
Fig. 8, is close to 30°, which may indicate that the recovery rate at
standard conditions of pressure and temperature may be approximately
constant. The recovery rate is defined by Eq. 2.

MA — TR

Recovery Rate =
v T @

Where T is the ageing time in days, MA is the angle measured after a
period of T of ageing and TR is the contact angle of the sample ther-
mally recovered.

Regarding the silicon content of the samples, it does not exceed 4 %
of the total composition. This species could be a remainder of the HMDS
introduction during sample fabrication process steps and there is little
possibility that it could modify the PTFE behaviour. Alumina con-
centration oscillates between 19 and 30 % which can be related with
the porosity of the PTFE film.

4. Conclusions

After analysing the data obtained from SEM, XPS, and static deio-
nized water contact angle, we have shown that the adhesion of PTFE
thin films can be perfectly controlled using non-coherent UV and water
treatment. The exposure time, between 3 and 6 min, is directly related
to the contact angle of the deionized water over the sample and, con-
sequently, with the increment of surface energy. The SEM images
confirmed that the treatment does not produce any appreciable change
in morphology. On the other hand, XPS analysis clearly shows that the
surface modification is a consequence of defluorination and change in
oxygen content. When the samples are submerged underwater, the
concentration of oxygen dramatically increases from 15 % to 35 %.
Meanwhile, Fluor concentration decreased from 28 % to 8 %. This
phenomenon highly resembles the chemical changes that occur during
oxygen plasma treatment and chemical etching. Since these late pro-
cesses usually produce morphological changes that are not fully re-
coverable, our process can be a useful alternative for EWOD applica-
tions, where the modification should not be permanent. The original
hydrophobic behaviour of the surface is recovered up to 98 % after 3h
of thermal treatment at low temperatures. In addition, the process is
cheap and easy to implement as it does not require a vacuum chamber
and it can be performed under normal conditions of pressure and
temperature.
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