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Abstract

Abstract This article presents a cost-effective ultraviolet-ozone cleaner (UV/O; Cleaner) for surface pre-treatment of
substrates in the field of semiconductor technology. The cleaner consists of two chambers, the upper one contains the
electronics, including the time counter. The lower chamber contains the two UV sterilisation lamps and a UV reflector
of anodized aluminium, which confines the area of high Ozone concentration in the area of interest. The device is suc-
cessfully used for surface cleaning and modification of different materials. To this end, the two important wavelengths
253.7 nm (excitation of organic residues) and 184.9 nm (production of ozone from the atmospheric environment as a
strong oxidant) were first detected. The effectiveness of UV/O; cleaning is demonstrated by improving the properties
of indium tin oxide (ITO) for OLED fabrication. The contact angle of water to ITO could be reduced from 90° to 3° and for
diiodomethane, it was reduced from 55° to 31° within the 10 min of irradiation. This greatly improved wettability for polar
and non-polar liquids can increase the flexibility in further process control. In addition, an improvement in wettability is
characterized by measuring the contact angles for titanium dioxide (TiO,) and polydimethylsiloxane (PDMS). The contact
angle of water to TiO, decreased from 70° to 10°, and that of diiodomethane to TiO, from 54° to 31°. The wettability of
PDMS was also greatly increased. Here, the contact angle of water was reduced from 109° to 24° and the contact angle
to diiodomethane from 89° to 49°.

Article Highlights

e We report a cost-effective dry-cleaning device forsur- e The UVO3 pre-treatment improves layer formation and
face cleaning and modification based on ultraviolet- optoelectrical properties of OLEDs.
ozone irradiation.

e Contact angle measurements show an increase of wet-
tability for different materials due to surface modification.
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1 Introduction

The pre-treatment and cleaning of substrate surfaces
have established themselves as an important step in
device fabrication, particularly in the electronics, semi-
conductors industries, food processing, wastewater
purification and many other fields [1-3]. Cleaning and
modification of surfaces for removing particles and
organic, molecular, metallic or microbiological contami-
nations can be achieved by a variety of different meth-
ods, whereby one can distinguish in particular between
wet-chemical [2, 4, 5] and dry cleaning methods [3, 6, 7].

The cleaning method should always be specialized
for the application. Various parameters such as sub-
strate material, type and size of contamination and sub-
sequent process steps are of great importance. Thus,
partially organic and inorganic contamination can be
treated differently. The production costs, environmen-
tal compatibility of the process and cleanliness of the
substrate can be optimized by carefully selecting the
cleaning method [8]. Thus, the cleaning methods were
extended, specialized and improved, in particular by
the advancing technologizing and miniaturization. As
already mentioned, a distinction is made between wet
chemical and dry-cleaning methods. Wet chemical clean-
ing generally involves dissolving contamination by using
a solvent. These include the typical cleaning steps such
as wipe cleaning, dip cleaning, spray cleaning as well
as ultrasonic and megasonic cleaning [5, 9, 10]. The lat-
est methods such as the various CO,-cleaning methods
(solid CO,-dry ice pellets, CO,-snow cleaning, supercriti-
cal CO, or liquid CO,), microbubble cleaning, water ice
cleaning or ionic liquid cleaning can also be counted
among the wet-chemical cleaning methods [11, 12].
Wet-chemical cleaning has some advantages, such as
the usually low process and aperture costs, good selec-
tivity and often short process times due to high etching
rates. The usability under atmospheric conditions and
the possibility to clean large substrates also make wet
chemical cleaning a very frequently used method. Dis-
advantages resulting from the low effectiveness with
small features such as pores or deep groove structures
which are smaller than 1 um, as they are often used in
the electronics and semiconductor industry. In addi-
tion, solvents can be harmful, and toxic, causing safety
problems and generating waste [8, 13, 14]. In addition
to these solvent-based cleaning methods, there are also
a variety of dry-cleaning methods. The best-known dry
methods include mechanical cleaning, plasma clean-
ing, laser cleaning, dry ice cleaning, jet cleaning and
UV/0O; cleaning processes [3, 15-20]. In general, dry-
cleaning processes often have the advantage of safety
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and environmental friendliness. Hazardous or toxic aids
are rarely used. In addition, many of these methods can
clean the substrates at the molecular level and modify
or etch the surface. The costs in the running process are
also usually low, whereby the acquisition costs of the
system can be very high. Nevertheless, there are advan-
tages and disadvantages due to the specialization of the
individual systems in the respective areas of application.
A comparative selection of these is shown in Table 1 for
laser, plasma and UV/O;-cleaning methods.

Laser cleaning must be emphasized here, since it ena-
bles the combination of the advantages for both types of
cleaning (dry and wet) for instance by combining it with
solvents as a wet cleaning method [26, 32, 33]. This is one of
the reasons why laser cleaning is an established and widely
used cleaning method. The applications of this versatile
process ranges from surface cleaning and modification in
the semiconductor industry [22-25], through the removal
of entire layers [21, 26] to the restoration of historical works
of art [26, 34]. Another big advantage of laser cleaning is
the possibility to combine several cleaning steps in one
system. For example, a targeted structuring of a substrate
with simultaneous surface modification and result analy-
sis via laser induced plasma spectroscopy (LIBS) can be
carried out by the separate setting of the individual laser
parameters [26]. This versatility can hardly be realized with
other cleaning methods or only by additional steps such
as applying a sacrificial layer for partial protection of the
substrate. To be able to use the full scope of laser cleaning
with all its facets, in addition to the high acquisition costs,
well-trained personnel are needed for operation, because
the use of incorrect parameters can have undesirable con-
sequences for the substrate or even destroy it. A detailed
overview of laser cleaning can be found in [26, 32, 35] The
increase in wettability of different substrates shown in this
work can also be achieved with laser cleaning or plasma
treatment [22, 36, 37].s The UV/O3 treatment described
here is intended to be a cost-effective alternative to remove
organic contamination from purchasable pre-cleaned
substrates (free from inorganic contaminations and large
particles) and therefore produce ultra-pure surfaces and
to modify their characteristics. A detailed summary of cur-
rent methods can be found in “Developments in Surface
Contamination and Cleaning: Applications of Cleaning
Techniques, Volume 11, (2019)"[38].

Using the application example of organic semicon-
ductor components, the necessary hole-injection layer
(HIL) for example, poly(3,4-ethylene-dioxythiophene):
poly(styrenesulfonate) (PEDQOT: PSS) is typically prepared
from a water-based solution [39-41]. Therefore, the surface
must be clean and primed hydrophilic to allow subsequent
coating processes. To do this, ultraviolet-ozone-treatment
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Table 1 Comparison of advantages and disadvantages of the most common used dry-cleaning methods

Cleaning system  Advantages

Disadvantages

Laser-cleaning
[7,16,21-26]

High efficiency

Can be focused on a special area
High speed for small target areas
Low operation cost

Versatile

Applicable for thick coatings
Real-time control (LIPS)

Low-temperature treatment
Plasma generation in ambient air
Low operation cost

Short treatment time
Environmentally friendly
Selective effect

Plasma-cleaning
[4,27,28]

High capital cost

Over-and under cleaning (sensitivity of laser contamination interaction and
parameters

Possible short service intervals (high price and downtime)

Heat inducing into a substrate

Requires a well-trained operator

Low workspace

Investment costs

Adaption mechanisms
Determination of effective dose
Depth of plasma penetration
System dependency

Requires a well-trained operator

UV/O;-Cleaning
[1,29-31]

Short processing time (no warm-up)

Simple to use

Low operating costs (no vacuum, pro-
cess gas, surface damage)

Low maintenance time

Effective removal of molecular level
organic contaminants ¢ ultraclean
surface

Only biogradable hydrocarbons can be removed (most inorganics, large
particles, thick layers and other debris cannot be removed)

Organic substrates can’t be cleaned without damage

Precleaning is necessary

Low workplace

Safety precaution because UV-Light

(UV/O;-treatment) is widely used due to its soft processing.
Thereby, the immersion of the device or component into
chemicals is no longer necessary and the treatment can be
realised under atmospheric conditions. This method was
originally developed to remove photoresist and organic
residues from Silicon wafers in the semiconductor industry
[29, 42]. Later it was used to clean and modify indium tin
oxide films for OLED or OPV applications [17, 40, 43], to
activate TiO, layers before deposition of different metals
[44, 45] as well as to enhance the wettability of PDMS for
water based solutions [46-49].

In this article, the low-price UV/O5-cleaner is success-
fully used for cleaning and excitation of typical surfaces
from semiconductor technology such as ITO or TiO,. To
be used as a full-fledged alternative for cleaning devices,
it must be demonstrated that the presented device is at
least comparable to commercially available devices. For
this purpose, the emitting spectra were measured. If the
two critical wavelengths of 253.7 nm (excitation of organic
residues) and 184.9 nm (production of ozone from the
atmospheric environment as a strong oxidant) are pre-
sent, an excitation of organic impurities can take place
and the substrate surface can be modified by the deep
UV radiation [29, 30]. In this work, this effect was demon-
strated with 3 examples (PDMS, TiO, and indium tin oxide)
and the underlying mechanisms were discussed. Prelimi-
nary experiments showed the application of PDMS thin
films on aluminium substrates and the usage in the pre-
treatment of indium tin oxide (ITO) substrates for OLED
application. The functionality was quantified through

time-dependent experiments with solid, amorphous TiO,
and pure PDMS samples. Here, the contact angle of water
and diiodomethane was measured in dependence on the
exposure time and the free surface energy (SFE) and the
fractional polar and dispersive parts were calculated. The
positive effect of surface pre-treatment was also demon-
strated using the OLED application example. The cleaning
and activation of the ITO surface resulted in a significantly
more homogeneous layer formation of the typically water-
based PEDOT:PSS solution. Thus, a more uniform lighting
behaviour was achieved and the efficiency was improved
[1,2,43].

The following Section describes the sample prepara-
tion, the setup of the cleaning device and the measuring
methods used for device and sample characterization. In
Sect. 3 the results of the UV/O3 treatment are presented
and discussed. Section 4 summarizes the results and clas-
sifies the applicability of the cleaning device. Finally, the
cited literature is shown in Sect. 5.

2 Materials and methods
2.1 Preparation of the TiO,-surfaces

TiO, layers were deposited on Silicon Wafers by plasma-
enhanced atomic layer deposition (PEALD) with the
ALD150 system from the company FHR, Germany.
Due to the plasma support in the layer deposition, the
layer growth was realized at low temperatures and a
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high-density layer was produced simultaneously. The low
temperature enabled the fabrication of amorphous TiO,
layers [50].

Titanium tetrachloride was used as a precursor in com-
bination with an oxygen plasma. The oxygen flow was
set to 25 sccm and has been ionized at 300 W through
an inductively coupled plasma source at radio frequency
(13.56 MHz). The purging steps were realized with Argon
gas. The initial chamber pressure was 4.5 x 1072 mbar and
the substrates were heated to 120 °C[50].

The layers were analysed via spectroscopic Ellipsom-
etry and XRD before the UV/O;-treatment was applied.
The measurements showed that the produced TiO,
layer was completely amorphous and had a thickness of
30 nm. The thickness was determined under the use of the
Tauc-Lorentz-Model.

2.2 Preparation of the PDMS stamps

The PDMS samples are fabricated by pouring the silicone
rubber Elastosil RT 601 from Wacker, Germany, on a pol-
ished and cleaned flat silicon wafer. The silicon rubber is
prepared by mixing the platinum catalysator (Elastosil RT
601 A) with the associated crosslinker (Elastosil RT 601 B)
at a weight ratio of 9:1 (A:B) in a liquid solution. After stir-
ring the mixture for 1 min, the solution was casted on the
silicon wafer in an appropriate form. The gelling process
was performed under a vacuum bell jar to remove air bub-
bles at room temperature (21 °C) for 24 h.

2.3 OLED fabrication

In order to be able to show a possible influence on the
substrate surface in addition to the change in wettability,
2 OLED:s (prepared one with UV/O; pre-treatment and one
without). The used samples are ITO glass substrates with
pixelated anodes (6 pixels). The substrates were properly
cleaned with the wet chemical pre-treatment described
above. One sample was treated for 20 min with UV/O;,
the other was not. In a glove box, the hole injection layer
PEDOT:PSS was applied by a spin coater (Lab Spin 6 TT
from SUSS Microtec, Germany) at 5,000 rpm and annealed
at 150 °C for 5 min. The active layer F8:F8BT (mixture ratio
19:1) was then applied at 2,000 rpm and annealed at
115 °C for 5 min. PEDOT:PSS was purchased from Clevios™,
Heraeus, Germany. The ITO glass substrates, 20x 15 mm
(Legacy, Generation 1), as well as the materials used, were
manufactured by Ossila, United Kingdom. A 100 nm thick
aluminium cathode was deposited under vacuum in a
sputtering system. Directly after the encapsulation, the
OLEDs were compared.
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2.4 Setup of the UV/O;chamber

The cost-effective Equipment for surface treatment is
based on two 15 W sterilisation lamps from the company
BRIGHTINWD, China. The device comprises two cuboid
chambers (Hammond Electronics 1402 F(V)), each with a
size of 181 mm x 80 mm x 261 mm, which are stacked
on top of each other. The upper part contains the follow-
ing components: the main plug, the current distribution
device and a programmable low-cost timer module (Emko
EZM-3735). The lower part comprises the two sterilisation
lamps, which are mounted onto E14 lamp sockets (Fig. 1).
A bent sheet made from anodized aluminium, with a
typical reflectivity of 85%, acts as a UV reflector and con-
fines ozone in the area around the substrate. The sample
holder was tailored to our specific requirements, including
a 4-inch Wafer. The carrier is mounted onto two runners
and the front plate consists of a grip in a way that this
assembly acts as a drawer. Additionally, the lower chamber
contains ventilation slots to allow gas exchange with the
environment. This assembly has to be operated within a
fume hood to allow a safe outlet of the nascent ozone gas
which is generated inside the chamber by photosensitized
oxidation process.

2.5 Emission spectra measurement

The used fluorescent lamp is described as a germicidal
UV lamp by the distributor without further specifica-
tion. Therefore, a measurement of the ion spectrum was
necessary. The surface modification is based on a photo-
sensitized oxidation process, where the wavelengths of
184.9 and 253.7 nm are crucial. The 184.9 nm radiation
can dissociate molecular oxygen continuously. The result-
ing oxygen radicals can generate ozone by reacting with

schematic front view of the
cross-section of the lower part
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Fig. 1 Left side: photograph of the equipment in a fume hood with
substrate carrier tray open. The upper part houses the electronics,
while the lower part acts as the reaction chamber; right side: cross-
sectional view of the reaction chamber (lower part): a substrate car-
rier, b sterilisation lamps, ¢ reflector made of anodized aluminium



SN Applied Sciences (2023) 5:21

| https://doi.org/10.1007/542452-022-05219-1

Research Article

the remaining atmospheric oxygen. Radiation of 253.7 nm
is important for the excitation of the organic residues on
the surface. The basic building block of organic materi-
als are hydrocarbons, which absorb this wavelength just
like ozone. The photoexcited organics can form radicals,
or excited molecules, which reacts strongly with the reac-
tive ozone and atomic oxygen, respectively. The resulting
products are simpler volatile molecules that can be des-
orbed from the surface [29, 37, 42]. Thus, the fluorescent
lamp had to be checked for the two required wavelengths.
The wavelengths above 200 nm were detected by a spec-
trometer (FLAME-S-UV-VIS-ES from Ocean Insight, Ger-
many), while the production of ozone was detected semi-
quantitatively by an ozone test strip (“ozone test stripes”
from Macherey-Nagel, Germany).

2.6 Contact angle measurement

To demonstrate the influence of surface treatment the
contact angle measurement method is used. This is a com-
monly used method in industry for assessing the cleanli-
ness of surfaces. In addition to the cleanliness of surfaces,
this method can also measure the direct influence of the
pre-treatment on the interface between the substrate and
the liquid droplets applied, and thus, for example, show an
excitation of the substrate surface [51].

The measurement of the contact angle was performed
with the Drop shape analyser 25 (DSA 25), with two pres-
sure dosing systems and the shape of the droplet was
recorded by the digital camera CF04. All these devices are
from KRUSS GmbH, Germany. The dosing unit was used
to deposit a 1 pl water droplet (distilled water (ROTISOLV®
HPLC Gradient Grade, Specific electric resistance>18
MQ*cm), purchased by Sigma Aldrich, Germany) ora 1 pl
droplet of diiodomethane (purchased by MERCK, Ger-
many). The analysing software “ADVANCE", provided by
KRUSS GmbH, measured both contact angles. By using a
highly polar liquid (Water) and an almost nonpolar liquid
(Diiodomethane) the total SFE, as well as the polar and
unipolar SFE values, was calculated using the most com-
mon OWRK model. For the determination of the SFE by

Fig.2 a Emission spectra of (a)
the used UV lamps. b Colour

the OWRK model at least 2 liquids with known disperse
and a polar portion of the surface tension are required.
Thus, water (polar fraction Opolar= 53.6 and disperse frac-
tion Ogisperse = 18.7) and diiodomethane (polar fraction
Opolar = 1.3 and disperse fraction Ogperse =49.5) are ideal
test liquids. Thus, in addition to the change in the SFE, a
change in polarity can also be detected. This can be used,
for example, for coating processes and optimisation for
various coatings. The approximation of the droplet shape
is acquired by the software through the Ellipse (Tangent-
1)-fitting method and the contact angle were automati-
cally calculated. The total SFE is then the sum of the polar
and disperse portions.

All measuring points are recorded on two different
samples at three different positions. The volume of the
deposited distilled water and diiodomethane drops was
pre-determined at 1 pl.

3 Results and discussion
3.1 UV/O;-treatment

The UV/O; treatment of the substrates was carried out in
our cost-effective cleaner. The emission spectrum in the
range from 200 to 600 nm of the two fluorescent lamps
are shown in Fig. 2a. The spectral line distribution is simi-
lar to that of a mercury vapour lamp (compare to [52]). In
particular, the peak at 253.7 nm was important for the pos-
sibility of removing biogradable contamination on the sur-
faces and was detected with the spectrometer. The ozone
test strip consists of a plastic strip with a test paper, which
reacts with a colour change from white to brown depend-
ing on the ozone level. After an exposure time of 10 min,
without direct UV radiation, the test field was compared
with the manufacturer’s colour scale. The test strips were
placed at different places. All test strips in the immediate
vicinity and within the chamber turned dark brown. The
discolouration went beyond the measuring range of the
scale, which indicated an ozone concentration of well over
210 pug/m?>. As an example, two test clearances are shown

(b)

change of the ozone test swipe 1
with the colour scale from
white to brown

o o
o )

abs. Intensity
o
3

— Emission spectra UV-LED
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in Fig. 2b, where the lighter test strip was on top and the
darker test strip was in the chamber. Thus, the emission of
the wavelength of 184.9 nm could be detected. Due to the
strong ozone development, the UV/O;-cleaner should only
be operated with a fume cupboard.

3.2 Preliminary results

The first test series were performed with ITO-glass slides
(Ossila, surface resistivity 14-16 Q/sq) and PDMS-coated
aluminium substrates. The contact angles of the as-
received ITO glasses 90.66° (+1.80 °) (SFEpo,ar= 1.44 mN/m)
for water and 49.64° (+1.83 °) (SFEgisperse = 34.48 MN/m)
for dilodomethane leading in a total surface free energy
of SFE i = 35.91 mN/m. Which are typical values for
clean but untreated ITO surfaces [53]. The typically used
pre-cleaning routine for the ITO films consisted of treat-
ing them for at least 5 min in alkaline solution and hot
isopropyl alcohol in an ultrasonic bath at 80 °C. This treat-
ment led to a surface with an average contact angle of
10.09 ° (£2.90 °) (SFEpo|ar= 33.56 mN/m) for water and
an average contact angle of 31.22° (£ 1.31 °) (SFEgjsperse =
43.71 mN/m) for diiodomethane without UV/O; treatment.
A subsequent UV/O;-cleaning for 10 min led to an average

contact angle of 6.17 ° (£ 0.41 °) (SFEpO,ar= 33.44 mN/m)
100 ITO - )
n u— Water
5 80 X —e— Diiodomethane
o .
2 60 A\
b > o
8 40f )
c * o o °
/<)
O 20+ :
[
0 1 1 1 1 1 ,"I/g . ]
100 | I SFE polar
SFE disperse
— 80 e 7
£ .
Z 60|
‘g‘ .
w i :
% 40 e *
20 |
o 1 1 1 1 1 1 II/I 1 l
10 1 2 3 4 5 10 11

Exposure time [min]

Fig.3 Left side: time-dependent change of the surface wettability
for water and diiodomethane and the corresponding surface free
energies, whereby the total SFE is the sum of the polar and disper-
sive fractions, for ITO without pre-cleaning; right hand side: picture
of the contact angles. a contact angle of water with wet-chemical
pre-cleaning and without UV/O5-cleaning, b contact angle of water
with wet-chemical pre-cleaning and 10 min UV/O5-cleaning, ¢ con-
tact angle of diiodomethane with wet-chemical pre-cleaning and
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for water and an average contact angle of 28.3° (£2.47 °)
(SFE isperse = 44.91 mN/m) for diiodomethane. The pictures
are shown on the right side in Fig. 3a—d.

The time-dependent measurement of the contact
angles between a 1 ul water droplet and an uncleaned
ITO substrate and the SFE values, as well as the pictures
are shown in Fig. 3. An increase in wettability is visible. The
contact angle of water decreases almost continuously with
the start of the UV/O;-treatment and drops from above 90°
to a contact angle below 10°. After an exposure time of
10 min, the contact angle of 90° in untreated ITO has fallen
to 3.3°. This corresponds to a superhydrophilic surface and
the change in surface energy is also present. With a surface
energy in the untreated stage of 36 mN/m, it doubles the
maximum of 78 mN/m after about 5 min. In particular, the
increase in the polar proportion from 1.44 to 34.38 mN/m
is responsible for the increase in wettability. The disperse
fraction increases from 34.48 to 43.63 mN/m, respectively.
The measurement uncertainty for all values, outside the
range of the strong drop, is below * 1°, about + 3° between
1and 2 min.

Compared to the wet chemical pre-treated sam-
ples, hardly any difference in surface energies and con-
tact angles were seen after the 10 min of UV/O;-treat-
ment, which indicated a good effectiveness of the UV/

Omin UV/O,-cleaning I 10min UV/O,-cleaning

wet-chemical pre-cleaning

(a) = (b) g

ey

(c) (d)

<.
- e

—

without pre-cleaning

(h)

—

(e) I (f) v
(9) l
‘A——

without UV/Os;-cleaning d contact angle of diiodomethane with
wet-chemical pre-cleaning and 10 min UV/O5-cleaning, e contact
angle of water without wet-chemical pre-cleaning and without
UV/Os-cleaning, f contact angle of water without wet-chemical
pre-cleaning and 10 min UV/O;-cleaning, g contact angle of dii-
odomethane without wet-chemical pre-cleaning and without UV/
O;-cleaning h contact angle of diiodomethane without wet-chemi-
cal pre-cleaning and 10 min UV/O;-cleaning.



SN Applied Sciences (2023) 5:21

| https://doi.org/10.1007/542452-022-05219-1

Research Article

O;-process. For qualitative illustration of the influence
of UV/O; on the substrate, an OLED was prepared as an
application example. Despite the good wettability after
the preliminary cleaning described above, the UV/O,
-treatment can significantly improve the produced result.
This is demonstrated in the top row of the right side of
Fig. 4 where OLEDs are depicted without UV/O5-treat-
ment (Fig. 4a) and with UV/Os;-treatment of the ITO layer
(Fig. 4b). Significant differences were already visible. The
sample without UV/O;-treatment provided an inhomoge-
neous luminous appearance, which was due to uneven
layer adhesion. The sample shown in Fig. 4b) illustrates a
homogeneous and uniform layer instead. Consequently,
the UV/O5-treatment is also recommended in the produc-
tion process of OLEDs. In notable addition to improved
layer formation, the electrical properties of the treated
layers can be modified, which leads to an improvement
in the radiation behaviour. This can equally be observed
in the investigated OLEDs. The OLEDs were operated in a
circuit limited to 5 mA. To achieve the observable lumi-
nous behaviour at 5 mA, a voltage of 21 V was necessary
for the untreated OLED. The current limitation of the OLED
treated with UV/O; was already reached at 9 V. The sig-
nificant reduction of the operating voltage indicates an
improved load carrier transport from the ITO to the HIL
layer. This and other possible changes in electrical proper-
ties in the ITO layer, resulting from UV/Oj; treatment, are
discussed in the literature [1, 40, 43, 54].

The PDMS coated aluminium substrates didn’t undergo
a pre-cleaning process like the ITO-foils, shown in Fig. 4a,
b. Nevertheless, the wettability of the aluminum substrate

Fig.4 Upper row: photograph of an OLED (ITO 100 nm/PEDOT:PSS
50 nm/F8:F8BT(19:1) 80 nm/Aluminium 100 nm), a spin-coating
of PEDOT:PSS without UV/Os-treatment of ITO, b spin-coated
PEDOT:PSS after 10 min of UV/O;-treatment of ITO; bottom row:
photograph of a water droplet on a PDMS coated aluminium sur-
face with a size of 1x1 cm; ¢ before UV/O;-treatment, d after
30 min of UV/O,

could be significantly increased by UV/O;-treatment,
although a significantly longer exposure time of 30 min
was necessary to make the surface hydrophilic (bottom
row Fig. 4). In order to rule out a mutual influence of alu-
minum and PDMS and to reduce the modification effect
exclusively to the PDMS, pure PDMS as a substrate was
further worked on in the following.

3.3 UV/O;cleaning effect on TiO,and PDMS stamps

The 30 nm TiO, layer and the PDMS substrates, with the
size of 2x 2 cm each, were analysed before and after UV/
O;-cleaning varying the exposure time with the contact
angle measurement system DSA25.The averaged contact
angle of distilled water and diiodomethane with a volume
of 1 ulis shown on the top left side of Fig. 5 as a function
of UV/O; exposure time.

The measurements showed the continuously increas-
ing wettability of the samples with increasing exposure
time. The initially rather hydrophobic surfaces had an
increasingly hydrophilic character, it can be assumed that
an accumulation of hydrophilic species on the surface
occurred. A wavelength of 253 nm alone led to a change
in the surface. According to the studies of Effimenko et al.
and Egitto et al. [46], the presence of ozone and atomic
oxygen reduces the exposure time, and the increasing
wettability of PDMS with and without ozone under UV
light was compared there as well. Without ozone, the con-
tact angle decreased significantly slower than with ozone.
To summarise, ozone is an important reaction partner,
which accelerates the modification of the surface.

The contact angle function is shown for PDMS on the
top right side of Fig. 5. The UV/O5-treatment led to pho-
tochemical oxidation of the surface [47, 48]. Graubner
et al. [48] demonstrate the chain of reactions with X-ray
photoelectron spectroscopy (XPS) and infrared spectros-
copy. The reactions start with breaking the main chain
(Si-0) and the side group of PDMS (Si-C or C-H) through
the illumination with 253.7 nm. Subsequently, oxygen
or ozone reacts with the silicon or peroxy radicals and
rearranges to silanol groups. Further treatment leads to
a break of the Si-C bonds, which form Si-O-Si bridges
with oxygen, which increases the polar fraction of the
SFE [46, 48]. Concerning the comprehensive chemical
investigations of Fu et al. [47] this multi-stage conversion
process can be used as an explanation for the strong
scattering in the first 500-1000 s. Because of the exist-
ing penetration depth of the UV radiation, carbon is also
separated from the deeper bulk material which diffuses
to the surface. This new carbon on the surface competed
with the continuous photochemical oxidation on the
surface and influenced therefore the modification of
wettability [46, 55]. This caused a delayed decrease of
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Fig. 5 Upper row: time-dependent change of the surface wettabil-
ity for PDMS (left) and TiO, (right) with a sample size of 2x2 cm.
The contact angle is decreasing with an increased exposure time

Diiodomethane

the contact angle since this effect must first be compen-
sated. The presence of ozone fulfils a meaningful role in
exciting the methyl groups on the surface. As soon as
the diffusion of the low molar mass species is compen-
sated to the surface (from about 22.5 min), polar species
can accumulate on the surface and the contact angle
decreases significantly.

The continuously increased wettability of TiO, as shown
in Fig. 5 could be explained by the illumination with UV-
Light. TiO, has a bandgap in the range of 3.1-3.4 eV, so
it can be excited with wavelengths lower than 380 nm.
Through this photoexciting process, an electron-hole pair
is built. The electrons reduce the Ti**-Cation to Ti** and
the holes react with the hydrogen bridges [56]. Water on
the surface can react with the oxygen vacancies by form-
ing hydroxyl groups to form a hydrophilic surface. Besides
photoexcitation, the removal of organic residues on the
surface can enhance the wettability of TiO, surfaces. A
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and therefore the SFE value increases. Lower row: typical pictures
of the contact angles of water and diiodomethane on PDMS and
TiO, substrates before UV/O5-cleaning and after

detailed discussion of the dominant effects of forming a
hydrophilic surface can be found in Thompson et al. [57].

4 Conclusion

As part of the study, the functionality of a simple, self-built
and cost-effective UV/O; cleaner was investigated. To be
used as an alternative to commercially available devices,
the system must have the following influences on sub-
strate surfaces. This includes the removal of organic resi-
dues and the excitation of the surface, whereby, for exam-
ple, the wettability of the substrate is changed. To achieve
this effect, the emission of two wavelengths for cleaning
and ozone fabrication is necessary. Photons with a wave-
length of 253.7 nm are absorbed by hydrocarbons (the
main component of organic materials). These excited mol-
ecules can then react with ozone or atmospheric oxygen
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and thus be dissolved from the surface. The second impor-
tant wavelength is 184.9 nm, which is responsible for the
production of ozone. This reacts with the organic residues
on the substrate or with molecules close to the surface,
whereby the chemical structure of the surface and thus,
for example, the wettability can be influenced.

The emission spectra and the production of ozone of
the germicidal lamps used were measured. The wave-
length of 253.7 nm could be detected by a spectrometer,
the production of ozone by an ozone test strip. Subse-
quently, various substrate surfaces were modified to dem-
onstrate practical applicability.

A qualitative proof of the functionality was carried out
using the application example of an OLED. This exam-
ple also illustrates the importance and necessity of this
type of pre-treatment. The use of UV/O;-pretreatment
improved not only the homogeneous emission area but
also the electrical properties. This is achieved in particular
by increased wettability of the ITO surface, which led to
a more uniform distribution of the PEDOT:PSS layer. The
improvement of the electrical properties can be shown
by the reduced layer resistance. Thus, the UV/O; treatment
significantly reduced the necessary operating voltage,
which is necessary to reach the 5 mA from 21 to 5 V. This
effect indicates an improved layer adhesion of the hole
injections layer. The effect of a modified or adapted strip
structure on the surface of the exposed ITO which was
discussed in [1, 40, 54] can also be considered as a further
component for the improved electrical properties.

Quantitative investigations were performed by measur-
ing the contact angle on PDMS and TiO, substrates. Both
substrate surfaces increased wettability with increasing
exposure time until they showed a completely hydro-
philic character. In addition to known applications in the
semiconductor industry, such as the production of OLED
or OPV, such a pretreatment can be used for structuring
PDMS [49], wherein certain channels are hydrophilic and
others are hydrophobic.

By proving the two critical wavelengths, as well as the
application for different material surfaces, it could be
shown that the device represents a full-fledged alterna-
tive to comparable, commercially available devices. The
importance of pretreatment of surfaces was demonstrated
using the example of OLED. By using cost-effective com-
ponents, this device can also be reproduced in all facilities
and can be used in the production of homogeneous layers.

In general, the cleaning method must always be
adapted to the target and the material. The application of
the presented UV/O; cleaner is specializes in the removal
of organic materials at the molecular level. Thus, ultra-
pure surfaces can be created. It must be ensured that
thick layers, hydrocarbon-free impurities or large particles
cannot be eliminated with this method. In addition, the

wettability of the surface can be modified to subsequently
ensure an ideal adhesion of a liquid. This can be achieved
by adjusting the ratio between polar and disperse surface
components. In the field of electrical components, the
application in the production of OLEDs, in particular, could
be shown. The UV/O; cleaner is therefore a fast, environ-
mentally friendly and easy-to-use device that can produce
ultra-pure substrate surfaces on molecular level as long as
they don't have coarse impurities.

The presented device is a prototype, wherein various
extensions of the device such as an adjustable irradiation
dose or a control of pressure and temperature are possible.
Further investigations should be considered to analyze the
stability of the induced surface modification. Since coarser
impurities on the substrate cannot be removed with the
UVO3 cleaning, the influence of pre-cleaning method
should be examined.
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