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Abstract

Atmospheric pressure plasma processing of thermally sensitive surfaces has recently
become a subject of great interest in novel emerging technologies, particularly in the field of
flexible and printed electronics. This thesis consists of commentaries on the author’s published
research papers, which address atmospheric pressure plasma treatments of flexible substrates
and plasma processing of coatings on flexible substrates for flexible electronics. It is organized
into three main sections: the first provides the background of atmospheric-pressure plasma
generation, the second presents plasma pre-treatment of substrates, and the third focuses on
plasma post-treatment or plasma processing of coatings on flexible surfaces. In addition, the
thesis also briefly summarizes the problematic aspects of flexible and printed electronics and
how plasma treatments may contribute to faster, cheaper and more competitive

manufacturing comparing to the present state of the art in electronics.

Keywords: plasma treatment, flexible and printed electronics, surface energy, roll-to-roll,

mesoporous coatings

Abstrakt

Povrchova uprava teplotné citlivych materiald atmosférickym plazmatem se stala
objektem velkého zajmu v novych technologiich, napf. v oblasti flexibilni a tistené elektroniky.
Tato habilita¢ni prace pozlstava z komentard k mym nedavno publikovanym ¢lankdm, které se
tykaji povrchové Upravy flexibilnich materidld atmosférickym plazmatem a vrstev na
flexibilnich povrsich pro flexibilni elektroniku. Prace je ¢lenénd do troch ¢asti: prvni cast
poskytuje prehled zdroji atmosférického plazmatu, druhd ¢ast prezentuje povrchovou Upravu
flexibilnich substrat( a treti ¢ast se zaméruje na post Upravu vrstev pro flexibilni elektroniku.
Prace rovnéz struéné sumarizuje hlavni vyzkumné aspekty flexibilni a tistené elektroniky a jak
mZe pravé plazma prispét k rychlejsi, levnéjsi a vic konkurence schopné vyrobé v porovnani se

soucasnymi klasickymi elektronickymi zarizenimi.

Klicové slova: Uprava plazmatem, flexibilni a tiStena elektronika, povrchova energie, roll-to-

roll, mezoporézni vrstva



Preface

Atmospheric pressure plasma and plasma treatment of surfaces is an area of research
in which | worked for twelve years. First, | joined Laboratory of Surface Discharge Studies at
Comenius University in Slovakia in 2005. Afterwards, in 2008, | enrolled in the doctoral
programme in Plasma Physics. Since then, | have continued within the same laboratory, and
worked on many interesting projects. Half of my doctoral study was spent as a full-time
research Intern at the Singapore Institute of Manufacturing Technology (A*STAR, Singapore),
where participated in flexible and printed electronics research using roll-to-roll manufacturing
systems. After successful completion of my doctoral study in 2012, | joined the newly-
established research and development centre known as CEPLANT (R&D Centre for Low-Cost
Plasma and Nanotechnology Surface Modifications) at Masaryk University in Brno, Czech
Republic. Since then | have worked on various experimental research topics, dealing preferably

with functional thin films, surfaces and plasma treatments.

During 2012 - 2015 | accepted two long-term international internships, at
Lappeenranta University of Technology, Finland, and at Joanneum Research in Austria. At
Finland, | learned to operate various atomic layer deposition (ALD) systems which | used to
deposit TiO,, Al,0s3, CeO,, ZnO coatings. Subsequently, the head of the ALD group in Finland,
Prof. David Cameron, joined CEPLANT in 2015 and since 2017 our ALD project related to opto-
electronics has received financial support from GACR. The scientific work related to ALD
resulted in nine papers published in recognized impacted journals. Furthermore, ALD has
become important in flexible electronics, because it enables the deposition of conformal thin
films with high precision of thickness onto flat, thermally sensitive or porous/mesoporous

substrates. ALD is currently employed largely in high-end applications.

Since 2016 | have been involved in very active and fruitful collaboration with the Brno
University of Technology in plasma processing of inkjet-printed coatings for flexible
electronics, particularly photovoltaics. Our first collaborative paper was published in 2016 in
ACS Applied Materials & Interfaces, IF 7.5. Since then, the team has started work on numerous

novel topics. Moreover, our network has expanded to other local and international institutes.

This habilitation thesis summarizes my main research results related to plasma
treatments of surfaces for low-cost flexible and printed electronics. It consists of seven papers
recently published in international peer-reviewed journals. The final paper included in this
thesis has been recently published in a new IOP journal, Flexible and Printed Electronics, which

further confirms the novelty and importance of this topic.



Because all my research activities were always completed jointly with others in form of
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Of course, | must offer my heartfelt thanks to my fiancée Martina for her love, inspiration,

patience and support.

Tomas Homola

27.11.2017 Brno



DECLARATION

| hereby declare that all the work presented in this thesis is original. Wherever
contributions made by others are involved, every effort has been made to indicate this clearly,
with due reference to the literature and appropriate acknowledgement of collaborative

research.

In Brno, 27.11.2017 RNDr. Tomas Homola, PhD.



Content

LISt Of fIBUIES .eeueiiiiiiiiiiiiiiiiiric et rese st rsse s sresessssresssssstensssssasnesssssenesssnsannss i
List Of abbreviations...........eeeeeeeeeeeieuniuinininiiiee s aaaaas iii
List of papers commented UPON .....c...ciieeuiirieieieireniereeeneerenasesrennssssennsssssennsssssennsssssennnns iv
1. Low-temperature plasmas for surface treatments......cccccceireeiiiiiiniiiniiiiiiniecniinnneee. 1
Y DY (o (=2 i o 1 L= | S RRPSPR 1
2. Plasma pre-treatment of substrates for flexible and printed electronics ...........cccccuuu.n...... 6
DB Y o [ (e ) 1 L= e S S 6
2.2. COMMENTS ON POPECIS: ccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteaeeeeseeeseseeeseaeseeesesasasssesesesesssesesssssenanaren 8
3. Plasma post-treatment of coatings for flexible and printed electronics......ccccceuuereencreannns 19
I AR e [ e ) i 1 T3 | OSSR 19
3.2 COMMENES ON PAPEIS .ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeasesesssasssestassasssssssssssssssssenssnnsnnnsnennns 20
L oo o ol L1 T3 T o L 28
2 0= =T =3 o 29

Appendix: Copies of papers commented UPON .......cccceeueiiieenieriiennierreenniereeenssesseenssessennssenes 33



List of figures

Figure 1. Total number of records addressing the topic of “plasma surface treatment” in the
course of the past twenty years. Web of SCIENCE. .......oiiieciiii e 2
Figure 2. Commercial volume DBD (“industrial corona”) for roll-to-roll applications, by
Ahlbrandt System GmbH. Photo available from www.ceplant.cz. ......ccccccevvviieiiiiiee e, 3
Figure 3. Surface plasma generated by surface DBD in ambient air for treatment of
polypropylene NON-Woven fabrics [15]. ....uuiiiiiiiiiiee et sree e e sbee e e e 4
Figure 4. Multiple DCSBD plasma units generating homogeneous plasma operating in an
integrated roll-to-roll manufacturing line. Photo available from www.ceplant.cz. ..................... 5
Figure 5. Total number of records addressing the topic of “atmospheric pressure plasma” in
the course of the past twenty years. Web of Science. ........occevieiciiii i, 7
Figure 6. Water contact angles of PET surfaces as a function of DCSBD plasma treatment
time(1-10 s) and storage time (0—12 days). ....ueeeeciieieeiiiie et e e e e e e e e e e areeas 9
Figure 7. PET 1, PET2 and PET 3 rolls in the Singapore Institute of Manufacturing Technology,
A*STAR integrated clean-room laboratory: (complementary material for Ref. 3).......cccc......... 12
Figure 8. Water contact angles of PET surfaces as a function of MyPL plasma composition
(constant argon flow 6 I.min™ + various oxygen amounts in sccm) (complementary material for
RES . 3). oot eee e eee e eee e e e s e ettt s st e e s e e eeeeeee e et et ee e eraeean 12
Figure 9. UV-Vis-NIR transmittance spectra for untreated and MyPL plasma-treated PET 1, PET
2 and PET 3: (complementary material for Ref. 3)....ccecvueeeiiieiieeciee et 13
Figure 10. Typical defects, such as bubbles and flow-lines, in PEDOT:PSS coated on untreated
PET surface: recorded immediately after coating process, taken from Ref. 3. ......cccccceecvveennns 14
Figure 11. Number of defects in PEDOT:PSS coated on untreated and plasma-treated PET
flexible foil, taken from REf. 3. ... et e s e eabee e e nreeas 14
Figure 12. Interaction between ITO and DCSBD plasma followed by total extinction of
filamentary plasma in a gap smaller than 0.75 mm, taken from Ref. 5.......ccccceeeciveeeccieeeennnen. 17
Figure 13. Visualization of plasma mineralization process in ambient air, taken from Ref. 6. .. 21
Figure 14. Atomic concentration of elements in a TiO,/SiO, mesoporous coating fabricated

using thermal sintering, UV curing and plasma treatment (complementary material to Ref. 6).

Figure 15. Evolution of total current measured on TiO,/SiO; photoanodes deposited on FTO
glass together with total carbon concentration in the TiO,/SiO, coating, taken from Ref. 6. ... 23
Figure 16. Visualization of plasma fabrication of large-area mesoporous TiO2 photoanodes by

FOII-LO-TOIl PrOCESSING. coiietiiee ittt e e st e e e et e e e s btaeessbteeeeebteeeessraeaesnnes 25



Figure 17. a) Roll-to-roll system at Masaryk University developed by CEPLANT, b) detailed view
of TiO, mesoporous film on PET roll treated by the roll-to-roll system. ......ccccccvvvvviiiieeriiiennnn. 25
Figure 18. TiO,/SiO hybrid nanocomposite flexible photoanodes inkjet-printed onto ITO/PET
fOIl, tAKEN FrOM REL. 7. oot e e e e e et e e e ebe e e e e bee e e eenreee e e nreeas 26
Figure 19. Evolution of total current measured on TiO,/SiO, photoanodes deposited on FTO
glass and ITO together with total carbon concentration in the TiO,/SiO; coating, taken and

merged from Ref. 6 and Ref. 7. ... it e et e e e bae e e e eanes 27



List of abbreviations

AFM — atomic force microscopy

CEPLANT — R&D Centre for Low-Cost Plasma and Nanotechnology Surface Modifications

DBD — dielectric barrier discharge

DCSBD — diffuse coplanar surface barrier discharge

DSSC — dye sensitized solar cell

FTO — fluorine doped tin oxide

ITO — indium tin oxide

PEDOT:PSS -- poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
PEN — poly(ethylene naphthalate)

PET - poly(ethylene terephthalate)

R2R - roll-to-roll

TCO — transparent conductive oxide

XPS — X-ray photoelectron spectroscopy



List of papers commented upon

[1] T. Homola, J. Matousek, B. Hergelova, M. Kormunda, L.Y.L. Wu, M. Cernak, Activation
of poly(ethylene terephthalate) surfaces by atmospheric pressure plasma, Polym. Degrad. Stab.

97 (2012) 2249-2254. doi:10.1016/j.polymdegradstab.2012.08.001.

[2] M. Kormunda, T. Homola, J. Matousek, D. Kovacik, M. Cernak, J. Pavlik, Surface
analysis of poly(ethylene naphthalate) (PEN) films treated at atmospheric pressure using
diffuse coplanar surface barrier discharge in air and in nitrogen, Polym. Degrad. Stab. 97 (2012)

547-553. d0i:10.1016/j.polymdegradstab.2012.01.014.

[3] T. Homola, L.Y.L. Wu, M. Cernék, Atmospheric Plasma Surface Activation of
Poly(Ethylene Terephthalate) Film for Roll-To-Roll Application of Transparent Conductive
Coating, ). Adhes. 90 (2014) 296—-309. doi:10.1080/00218464.2013.794110.

[4] T. Homola, J. Matousek, M. Kormunda, L.Y.L. Wu, M. Cerndk, Plasma treatment of
glass surfaces using diffuse coplanar surface barrier discharge in ambient air, Plasma Chem.

Plasma Process. 33 (2013) 881-894. doi:10.1007/511090-013-9467-3.

[5] T. Homola, J. Matousek, V. Medvecka, A. Zahoranova, M. Kormunda, D. Kovacik, et al.,
Atmospheric pressure diffuse plasma in ambient air for ITO surface cleaning, Appl. Surf. Sci.

258 (2012) 7135-7139. doi:10.1016/j.apsusc.2012.03.188.

[6] T. Homola, P. Dzik, M. Vesely, J. Kelar, M. Cerndk, M. Weiter, Fast and low-
temperature (70 °C) mineralization of inkjet printed mesoporous TiO; photoanodes using
ambient air plasma, ACS Appl. Mater. Interfaces. 8 (2016) 33562-33571.
doi:10.1021/acsami.6b09556.

[7] T. Homola, M. Shekargoftar, P. Dzik, R. Krumpolec, Z. Duradova, M. Vesely, M. Cernak,
Low-Temperature (70 °C) Ambient Air Plasma-Fabrication of Inkjet-Printed Mesoporous TiO;

Flexible Photoanodes, Flex. Print. Electron. 2 (2017) 035010. doi: 10.1088/2058-8585/aa88e6



1. Low-temperature plasmas for surface treatments

1.1. State of the art

Plasma is, in terms of energy, the highest state of the matter, lying above solid, liquid
and gas. During the past two centuries, plasmas have been used in numerous applications,
from low-energy plasma lighting systems to high-energy plasma fusion reactors. Possible
“natural” encounters with plasma are limited to only a few examples: perhaps the aurora
borealis, the aurora australis (northern and southern lights), lightning, and extremely rare red
sprites and ball lightning. Plasma may be categorized according to various parameters:
temperature, ratio of ions/neutrals, pressure, composition of gas, etc. One of the most crucial
of them for wide-spectrum applicability of plasma is its temperature. In natural conditions,
low-pressure plasma exists in a non-equilibrium condition, i.e. particles in plasma exist at
significantly different temperatures; such plasma is often called non-equilibrium, non-thermal
or cold plasma. The contact of cold plasma with material leads to significant changes in the
surface without affecting bulk structure. Transition from low pressure to a higher pressure is
associated with a higher number of collisions between the particles and consequently to
thermalization of the plasma. Outside the laboratory, high-pressure plasma exists in a
condition of equilibrium; a typical example is an electrical arc with temperatures reaching
several thousand degrees. The contact of such plasma with inert material leads to sudden and

profound changes; it is widely utilized in an arc-welding process.

Since the applicability of cold plasma at low-pressure is inappropriate to low-cost and
large-area surface treatments in industrial conditions, researchers have been seeking practical
ways of preventing the natural thermalization of plasma during transition from low to
atmospheric pressure. This may be achieved by i) localization of plasma, ii) fast gas flows or iii)
discharges with ultra-short lifetimes. Localization of plasma is typical of corona discharge,
which generates plasma in very small volumes, of a few mm?3. Fast gas flows may be found in
most plasma jets — although most of them, especially in ambient air, generate plasma of
temperatures higher than 150 °C. Cold plasma generation using ultra-short discharges — micro-

discharges — is typical of dielectric barrier discharges.

The use of plasma become important in the 1960s in the microelectronic industry,
later in other industrial segments, mostly in the lighting that employed popular helium/neon
tubes. The number of research papers related to applications of cold plasmas is rising every

year and the state of the art of cold plasma progressively more difficult to understand. In



response to the massive quantity of research papers, several reviews have been published
focusing on various aspects of cold plasma science. In 2011, D. Pappas [1] presented a
comprehensive review of low-pressure plasmas together with the physical background of
breakdown voltage, while the paper further describes knowledge of atmospheric plasmas in
1990’s, compares the designs of reactors, and discusses the role of species on surface
modification. Two road-maps discussing the future potential of new applications in cold
plasma science were published in 2012 [2] and 2017 [3] by leading scientists in the field. Also

worthy of note is a review of plasma jets by Fanelli et al. published in 2017 [4].

The most recent two decades have seen a plethora of cold atmospheric plasma
sources used in a range of applications. Figure 1 shows total the number of records for the
topic “plasma surface treatment” during 1996—2016. The number of research papers is rising
because plasma surface treatments enables new fields of application, e.g. in flexible and

printed electronics, among many others.
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Figure 1. Total number of records addressing the topic of “plasma surface treatment” in the
course of the past twenty years. Web of Science.

Dielectric barrier discharges

Dielectric barrier discharge (DBD) is based on the utilization of a dielectric among two
metal electrodes connected to an AC (0.05 — 500 kHz) high-voltage (typically up to 10 — 20 kV)
generator [5]. The dielectric limits the current and prevents the formation of spark and arc.

The dielectric may cover one or both electrodes, or it may be located in the space between



them. Typical materials for the dielectric in DBD are glass, quartz, ceramics and polymers. The
inter-electrode distance is 0.1-2 mm. The concept of DBD was introduced in 1857 by Ernst
Werner Siemens, who proposed a novel electrical discharge for ozone generation from

ambient air [6].
Dielectric barrier discharges generating volume plasma

The first application of dielectric barrier discharge for plasma treatment of material
was proposed in 1959 by J.F. McDonald, who used volume DBD to treat polymeric foils [7].
Since then, this concept have been adopted by many research groups and commercial
companies and is now widely known as the “industrial corona”. The industrial corona should
not be mistaken for a true corona discharge, needs no dielectric barrier and is generated in a

strongly non-uniform electric field near sharp points.

The main feature of volume DBD, or industrial corona, lies in the orientation of the
micro-discharges. The micro-discharge event occurs in the volume between high-voltage
electrodes and therefore the streamer occurs perpendicular to the electrodes. The treated
surface is therefore exposed to plasma that strikes the surface energetically; in extreme
conditions, this leads to local damage arising out of overheating. The maximal power in volume
DBD is often restricted to a reasonable level. An example of commercial “industrial corona”

available the CEPLANT laboratory appears in Figure 2.

Figure 2. Commercial volume DBD (“industrial corona”) for roll-to-roll applications, by
Ahlbrandt System GmbH. Photo available from www.ceplant.cz.

Dielectric barrier discharges generating surface plasma

It is generally accepted that surface dielectric barrier discharge (surface DBD) was

observed and reported for first time in 1958 by Semyon Kirlian, a Russian scientist who was

3
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investigating electrographic plates connected to high-voltage generators. The method he
developed is now widely known as a Kirlian photography [8] and can be used to visualize
various surfaces, e.g. fingerprints [8,9]. Surface DBD was further improved by Senichi Masuda,
a director in a Japanese company that was developing a system for the transport of powder by
exploiting electro-charging properties of plasma. A member of his team inadvertently used a
power level that was significantly above the standard working parameter, which led to the
occurrence of surface plasma. Work on improved surface DBD was published in 1988 by
Masuda et al. in a research paper that focused on ozone generation [10]. Afterwards, Masuda
founded a company developing ozone generators. Later, Gerhard J. Pietsch and Valentin
Gibalov contributed greatly to the further improvement of ozone generation and to the

plasma physics of surface DBDs [11,12].

In 2003, Masashi Kando and Mirko Cernédk (now a professor at Masaryk University and
Head of the Department of Physical Electronics) reported the first use of surface DBD to
modify non-woven polymer fabrics [13,14], and since then surface DBD has been used to
modify polymeric materials many times. Surface DBD plasma in ambient air, used for
activation of polypropylene non-woven fabrics, is shown in Figure 3 [15]. However, long-term
use (>100 hours) of surface DBD leads to erosion of the upper electrode system arising out of
bombardment by energetic particles from the plasma. This negatively affects overall lifetime

and renders its use in industrial applications problematic [16].
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Figure 3. Surface plasma generated by surface DBD in ambient air for treatment of
polypropylene non-woven fabrics [15].

Limited lifetime and low levels of safety in the early systems led to a search for a better

surface plasma system, one of considerably high energy density with a longer and/or unlimited

4



lifetime. In late 1990s and early 2000s, the concept of coplanar DBD was already known from
flat plasma display panels [17], but the total power delivered to plasma was extremely low, in
terms of up to only a few watts [18]. The first high-power coplanar DBD was introduced by
Mirko Cerndk in 2002 [19]. He employed alumina ceramic as a thin (0.4 mm) dielectric and
parallel, strip-like molybdenum electrodes (1 mm wide, 50 um thick, 150 mm long, 0.5 mm
strip-to-strip). A surface coplanar plasma with dimensions of approx. 20 x 8 cm? was the first
system to provide sufficient power, in terms of several hundred watts, thus opening a window

for various novel applications.

The concept of coplanar DBD was later adapted by several groups. Novel plasma
sources based on coplanar electrode arrangement led to increased energy densities, higher
degrees of diffusivity on the plasma and new opportunities for fundamental research. The
original inventor and holder of several patents, Mirko Cerndk, calls the technology “diffuse

coplanar surface barrier discharge (DCSBD)”. It has been reported that coplanar DBD can

operate in a wide range of pressures [20] and generate diffuse, homogeneous plasma at
atmospheric pressure in many working gases including: ambient air, hydrogen, oxygen, argon,
helium, carbon dioxide, methane, and others. An array of coplanar DBD plasma units available

at the CEPLANT laboratory appears in Figure 4.

Figure 4. Multiple DCSBD plasma units generating homogeneous plasma operating in an
integrated roll-to-roll manufacturing line. Photo available from www.ceplant.cz.


http://www.ceplant.cz/

2. Plasma pre-treatment of substrates for flexible and printed electronics

2.1. State of the art

Flexible electronics may be defined as a technology for assembling electronic circuits
on flexible substrates. Printing is a common deposition method for mounting electronic
devices onto flexible substrates, e.g. screen-, inkjet-, flexo- and gravure-printing [21]. Plastics
such as poly(ethylene terephthalate) PET and poly(ethylene naphthalate) PEN foils are the
materials most widely-used as flexible substrates. In addition to plastics, thin, flexible glass
(Corning and Schott) may be also used for various high-end products. Flexible and printed
electronics [22,23] have attracted increased attention in recent times because of their
potential to enable low-cost and high-throughput manufacturing of electronics on cheap
plastic substrates for various applications, including rollable and foldable displays, smart

packaging, photovoltaics, and more.

The primary advantage of flexible and printed electronics lies in their potential for low-

cost mass production using roll-to-roll technology. Roll-to-roll, often referred to as web

processing, reel-to-reel or R2R processing, may be defined as a process of creating thin films
and coatings on flexible substrates in continuous fashion starting with a roll of blank, flexible,
thin substrate placed on an unwinder. During the handling of the film, various coating and
curing steps take place as the thin film is transported to a rewinder. Roll-to-roll manufacturing
may also be combined with non-continuous manufacture, such as roll-to-sheet and sheet-to-

sheet processing.

One of the most crucial difficulties (apart from any issues related to printing
resolution, web handling, etc.) is the extremely high thermal sensitivity of PET and PEN foils.
This limit is established by glass transition temperature and it varies according to density
and/or the crystalline nature of the polymer. Thermoplastics such as PET and PEN have low
glass transition temperature, less than 150 °C, and therefore cannot withstand the commonly-
and largely currently-used deposition procedures, which involve high-temperature
curing/annealing/sintering steps. Furthermore, raw plastic materials have poor surface
properties (insufficient wettability and poor printability) that often result in coatings of low
quality due to a range of defects. This has often been addressed by low-pressure plasma
activation; however, low-pressure plasma is barely compatible with atmospheric roll-to-roll
systems. Furthermore, industry demands that the entire process should take place in ambient
conditions, thus minimizing the cost of the final product and competing successfully with state-

of-the art electronics and enabling development of new products and applications.
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Atmospheric pressure plasmas have thus become increasingly important for the processing of
surfaces and the manufacture of novel products. Applied research into atmospheric pressure
plasma is burgeoning, as documented by an ever-increasing number of published papers

dedicated to the subject (Figure 5).
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Figure 5. Total number of records addressing the topic of “atmospheric pressure plasma” in
the course of the past twenty years. Web of Science.

This part of the thesis summarizes my research work on plasma pre-treatment of

substrates for flexible and printed electronics.

e The effects of ambient air plasma on common plastics for flexible electronics such as
PET and PEN are reported in Refs. 1-2. Both works were undertaken in collaboration

with J.E. Purkyné University, Usti nad Labem, Czech Republic.

e Ref. 3 provides an introduction to roll-to-roll manufacturing and shows that plasma
pre-treatment is beneficial for subsequent coating of PET with transparent conductive
films. The entire research work was completed during my internship at the Singapore

Institute of Manufacturing Technology, A*STAR, Singapore.

o Ref. 4 discusses the use of plasma for surface treatments of glass and Ref. 5
demonstrates the activation of transparent indium-tin oxide deposited on glass.
Results presented in Refs. 4-5 were completed during my postgraduate study at

Comenius University, Slovakia.
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2.2. Comments on papers:
(1]

T. Homola, J. Matougek, B. Hergelova, M. Kormunda, L.Y.L. Wu, M. Cerndk, Activation of
poly(ethylene terephthalate) surfaces by atmospheric pressure plasma, Polym. Degrad. Stab.

97 (2012) 2249-2254. d0i:10.1016/j.polymdegradstab.2012.08.001.

Number of times cited: 22 Journal IF: 3.4

This article reports on ambient air atmospheric pressure DCSBD plasma treatment of

poly(ethylene terephthalate) PET thin films. The surfaces were analyzed by water contact

angle, XPS and AFM. Water contact angle analysis of PET surfaces before and after plasma
treatment appears in Figure 6Figure 6 and shows that plasma treatment for 1 s leads to a
significant decrease of water contact angle, from 78.4° to 40.1°, corresponding to an increase
in the polar part of the surface energy and therefore better water wettability. Figure 6 also
depicts hydrophobic recovery of PET surfaces with storage time. The samples were stored
under ambient air conditions in a laboratory at a constant temperature of 22 °C and relative
humidity of 45%. It is apparent that changes to the surface induced by plasma treatment are
not stable and surface modification reverts towards its original state. Figure 6 shows the
hydrophobic recovery effect of PET surfaces treated in plasma for 1 s and 10 s. It is evident
that change in the water contact angle is at its most rapid during the beginning of the storage
time and reached saturation after approx. 24 hours. The water contact angle of PET treated for
1 s reached 59.9° after 288 hours (12 days). This is, however, lower than the water contact
angle measured on untreated samples, which was 78.1°. This hydrophobic recovery is also
referred to as the “ageing effect” and it influences the industrial use of plasma-treated
surfaces if they are not printed immediately after treatment, e.g. in roll-to-roll processing.
Since the declining water contact angle after ageing remains significantly below the untreated
value, flexible PET foils may be pre-treated in independent steps and afterwards transported
to another line or manufacturing hall for deposition of coating or bonding/laminating with

another functional material.
Activation

Detailed chemical analysis of plasma-treated PET surfaces revealed that the reason for
the decrease of water contact angle lies mainly in the incorporation of oxygen polar groups

during plasma treatment of the PET surface. Since water is a polar liquid, polar groups on the



PET surface lead to better wettability for water or water-based paints and/or functional
coatings. Water-based coatings are currently a pressing matter for industry because they are
cheap, easier to handle, and without toxic waste, therefore compliant with strict

environmental requirements.
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Figure 6. Water contact angles of PET surfaces as a function of DCSBD plasma treatment time
(1-10 s) and storage time (0—12 days).

Cleansing and etching

XPS C1s peak analysis showed that the interaction of plasma with PET surfaces leads to
a decrease in concentration of C—C/C—H bonds. The C—C/C—H bond concentration indicates
the cleansing of the PET surface of hydrocarbons or scission in the PET chain. The cleaning and
scission of the PET chain may start simultaneously, but this usually depends on the initial
degree of PET contamination: cleansing starts first and, once major contaminants have been
removed, plasma interacts with the PET surface. Hydrocarbons (among many other
contaminants) adsorbed from ambient atmosphere lead to non-homogeneities in deposited
paints and/or functional coatings. The cleansing induced by plasma is therefore beneficial for

further surface processing of PET foils.

AFM analysis showed that an untreated PET surface has a flat surface with a roughness

of approx. 1.87 nm. Plasma treatment of PET for 1 s led to a significant increase in roughness,



to 6.92 nm. DCSBD plasma treatment therefore provides marked and selective etching of the
semi-crystalline polymer. This selectivity arises from the non-uniformly structured bulk, which
consists of semi-crystalline, biaxially-oriented PET polymer, i.e. it contains crystalline regions of
higher density and amorphous regions of lower density. Since the amorphous part of the
polymer is easier to etch than the crystalline, plasma treatment generates surface roughness.
Furthermore, a rougher surface at nanoscale contributes to higher adhesion because it can

provide a larger area and therefore a higher number of active surface sites for bonding.

[2]

M. Kormunda, T. Homola, J. Matousek, D. Kovacik, M. Cernak, J. Pavlik, Surface analysis of
poly(ethylene naphthalate) (PEN) films treated at atmospheric pressure using diffuse coplanar
surface barrier discharge in air and in nitrogen, Polym. Degrad. Stab. 97 (2012) 547-553.
doi:10.1016/j.polymdegradstab.2012.01.014.

Number of times cited: 21 Journal IF: 3.4

This paper reports on the ambient air atmospheric pressure DCSBD treatment of

poly(ethylene naphthalate) PEN thin foils. The surfaces were analyzed in terms of water

contact angle, XPS and AFM. Plasma treatment of PEN showed similar effects to those
reported for the plasma treatment of PET in the previous paper — Ref. 1. However, in addition
to ambient air, nitrogen was also used in the plasma treatment of PEN. Comparison between
ambient air and nitrogen environments showed that the nitrogen plasma treatment of PEN
resulted in slightly lower water contact angles. The water contact angle on an untreated PEN
surface was 82.1°, while plasma treatment for 1 s in ambient air and nitrogen led to 30.6° and
28.7° respectively. Ten seconds of treatment time resulted in water contact angles of 25.1° and
18.8° for ambient air and nitrogen respectively. The higher efficiency of nitrogen was explained
by incorporation of nitrogen into the PEN structure and, apparently, by the development of

nitrogen functional groups.

PET and PEN are the most important and widely-used flexible, low-cost substrates

for a wide range of applications in flexible and printed electronics. Both papers published in

2012 showed that DCSBD plasma treatment is a time- and energy-efficient method for

surface modification of thermally sensitive polymeric foils and could have the potential to be

used in highly improved further processing and manufacturing of flexible electronics.
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(3]

T. Homola, L.Y.L. Wu, M. Cerndk, Atmospheric Plasma Surface Activation of Poly(Ethylene
Terephthalate) Film for Roll-To-Roll Application of Transparent Conductive Coating, ). Adhes. 90
(2014) 296-309. doi:10.1080/00218464.2013.794110.

Number of times cited: 3 Journal IF: 1.6

This contribution reports on the activation of large-area flexible PET foils for roll-to-roll
applications  employing  transparent  conductive  poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) coating. A commercial roll-to-roll line from Coatema
Machinery GmbH, Germany, equipped with a 1-m web-width roll-to-roll coating and
lamination system, was used, consisting of unwinder, web cleaning element, MyPL plasma
discharge unit, web alignment unit, slot die coater, thermal oven, web inspection system,

lamination unit and rewinder. The roll-to-roll operated at speeds of 1 —30 m.min™.

The plasma treatments of PET films were carried out using two atmospheric plasma

generators: i) a commercially available MyPL plasma (AP _Plasma, Korea [24]) which was pre-

installed within the roll-to-roll line, and ii) an experimental DCSBD system provided by
Comenius University, Slovakia. MyPL produces diffuse plasma in argon (6000 sccm) together
with small amounts of oxygen (30 sccm) that facilitates its reactivity for surface treatments.
The DCSBD plasma is described in Section 1. The basic attributes of MyPL and DCSBD plasmas

are summarized in Table 1.

Attribute MyPL DCSBD
Atmospheric pressure v v
Homogeneity v v
Ambient air x v
Argon v v
Oxygen 2 3 v
Hydrogen X v
Relative humidity Up to 90% Also pure H,0 vapour
Effective area 10x 1 cm? 20 x 8 cm?
Thickness of plasma 3mm 0.3 mm
Power 75-125W 350-600 W
Gas temperature ~50°C ~70°C

Table 1. Attributes of, and differences between MyPL plasma and DCSBD, taken from Ref. 3.
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This study involved three different PET flexible foils, designated as PET 1 (Melinex S,
100 um), PET 2 (Melinex ST506, 125 um) and PET 3 (HK31, 125 um). The PET films were
obtained in rolls 500-m and 1000 long, as shown in Figure 7. The interaction of MyPL and
DCSBD plasma resulted in a significant decrease of water contact angle and an increase in
wettability. The decrease of water contact angle accorded with the observations reported in

previous papers Refs. 1 —2.

Figure 7. PET 1, PET2 and PET 3 rolls in the Singapore Institute of Manufacturing Technology,
A*STAR integrated clean-room laboratory: (complementary material for Ref. 3).
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Figure 8. Water contact angles of PET surfaces as a function of MyPL plasma composition
(constant argon flow 6 .min™ + various oxygen amounts in sccm) (complementary material for
Ref. 3).

Untreated PET 1 foil provided a water contact angle of 80.9°. Pure argon MyPL plasma
treatment for 1 m.min™ led to a considerable decrease, to 43.2° + 8.4° (Figure 8). A small

quantity (10 sccm) of oxygen admixed with the argon carrier gas had a considerable effect on

water contact angle, which then decreased to 26.4° + 2.9°. It may be proposed that the

12



difference in plasma efficiency derived from the higher number of oxygen polar groups
induced by oxygen in the carrier gas, or a higher rate of etching of surface contaminants arising
out of electronegative oxygen. Whatever the underlying mechanism, a small concentration of
oxygen was beneficial and decreased both water contact angle and its standard error.
Interestingly, a further increase of oxygen had no significant effect on the decrease in water

contact angle.

Plasma treatment of transparent, thin polymeric materials also leads to changes in
optical properties. Figure 9 shows transmittance in the UV-Vis-NIR region for PET 1, PET 2 and
PET 3 before and after MyPL plasma treatment for 1 m.min*. The plasma treatment clearly led
to a slight decrease in transmittance for PET 1 and PET 2. In contrast, the transmittance
measured on PET 3 increased. The difference in behaviour and optical parameters among PET
foils was explained by their different original surface chemistry: i.e. the PET 3 was chemically

pre-treated with silica primer for better wettability, which was also confirmed by XPS.

After MyPL plasma treatment at a speed of 1 m.min, the PET surface was coated in
transparent conductive PEDOT:PSS polymeric film with a thickness of 350 nm and a sheet
resistance of 100 Q/square. Untreated, the PET flexible foil coated with PEDOS:PSS films was
visually non-homogeneous and showed various defects — lines and bubbles, as shown in Figure
10. The origin of these defects lies in the low surface energy of the PET combined with surface

contaminations that led to inferior adhesion between the PET and PEDOT:PSS.
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Figure 9. UV-Vis-NIR transmittance spectra for untreated and MyPL plasma-treated PET 1, PET
2 and PET 3: (complementary material for Ref. 3).
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Figure 10. Typical defects, such as bubbles and flow-lines, in PEDOT:PSS coated on untreated

PET surface: recorded immediately after coating process, taken from Ref. 3.

The concentration of defects in the PEDOT:PSS coating deposited on untreated PET

and MyPL-plasma treated PET was qualitatively and quantitatively evaluated by the “Dr.

Schenk web inspection system”. The data presented in Figure 11 show the number of defects

of severities ranging from minor (1) to major (5). It is evident that plasma pre-treatment of PET

prior to slot die coating of PEDOT:PSS led to a significant decrease in the total number of

defects in PEDOT:PSS, from approx. 500 to 100.
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(4]

T. Homola, J. Matousek, M. Kormunda, L.Y.L. Wu, M. Cernak, Plasma treatment of glass
surfaces using diffuse coplanar surface barrier discharge in ambient air, Plasma Chem. Plasma

Process. 33 (2013) 881-894. doi:10.1007/511090-013-9467-3.

Number of times cited: 15 Journal IF: 2.4

Since it is capable of withstanding higher temperatures than PET and PEN, glass is also
a suitable material for flexible electronics. However, the cost of thin, flexible glass is
significantly higher (AF 32 eco flexible glass from Schott AG costs 250 euro per 10 samples of 5
X 5 cm) and it is therefore largely confined to high-end applications. Glass shows excellent
transmittance and no haze, making it especially suitable for picture visualization devices such
as flexible or rollable displays. In similar fashion to PET and PEN, the surface of glass adsorbs
contaminants from the ambient environment and it must be cleaned prior to application of

functional films and coatings.

Ref. 4 pertains to a study of the DCSBD plasma treatment of soda-lime glass and the
effects of glass on the behaviour of plasma. Since the transparency of light through glass is
higher than through PET and PEN, it allows the capture of photographs of the plasma during
treatment. DCSBD plasma consists of micro-discharges that create a diffuse and homogeneous
layer of surface plasma at full power: 400 W, corresponding to 2.5 W/cm™. A single micro-
discharge consists of a diffuse and filamentary plasma, which varies mainly in the mechanisms
of its generation. Whereas filamentary plasma generation is arises out of a streamer
mechanism, diffuse plasma is relies upon the Townsend mechanism. This contribution
reported that glass placed in close vicinity to plasma leads to suppression of streamer plasma
and therefore more diffuse plasma was observed. This was explained by the significant lack of
space, insufficient for the electron avalanche to generate the quantity of electrons required to
initiate a streamer. Furthermore, the results presented in the paper showed that diffuse and
filamentary plasma have different effects on glass surfaces (the visualization was enhanced by

hydrophobic amorphous SiO, deposited from sol-gel). It was confirmed that diffuse plasma is

more beneficial in terms of the development of wettability on a glass surface and this

conclusion may also be transferred to other non-conductive surfaces. It should be noted that
the lower efficiency of filamentary plasma may also be related to the lower “thickness” of its
streamers because the filaments are farther from the treated surfaces. Nevertheless, this is

also beneficial for the plasma treatment of any thermally-sensitive material, because filaments
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generally contain plasma of higher temperatures, unfavourable to the treatment of such
extremely thermally sensitive materials as ultra-thin (<100 um) polymeric foils. The paper also

shows that the effective distance of the treated surfaces from the DCSBD ceramic is approx.

0.1-0.3 mm, which is under, or equal to, that of the thickness of the plasma.

Short plasma treatment of soda-lime glass surfaces resulted in a swift decrease of
carbon from 15 at. % to approx. 4 at. % Prolonging the plasma treatment time had no
additional effect on the concentration of carbon, probably due to ultra-fast adsorption of
carbon from ambient air during transportation of samples between plasma treater and XPS
load-lock. Plasma treatment units isolated from ambient atmosphere within dry nitrogen glove
boxes are currently being developed by our team at Masaryk University, Brno. These will
permit the team to study plasma-treated surfaces and their interaction in a controlled
atmosphere, i.e. plasma treatment in dry air or hydrogen followed by immediate storage in

inert gas.

In similar fashion to that described in the previous studies of plasma treatment of PET
and PEN (Refs. 1-2), surface modification of soda-lime glass developed hydrophilicity related
to the incorporation of oxygen polar groups combined with cleaning of the surface. In 2014,
the author presented a contribution to the Nanocon conference in Brno [25] which

demonstrated improved TiO; coating adhesion on plasma pre-treated soda-lime glass.
[5]

T. Homola, J. Matousek, V. Medveckda, A. Zahoranovd, M. Kormunda, D. Kovacik, et al.,
Atmospheric pressure diffuse plasma in ambient air for ITO surface cleaning, Appl. Surf. Sci.

258 (2012) 7135-7139. D0i:10.1016/j.apsusc.2012.03.188.

Number of times cited: 41 Journal IF: 3.4

Indium-tin oxide (ITO) is an important semiconductor; it embodies a unique
combination properties, among them excellent light transmission in the visible spectrum, good
conductivity, and relatively high work function. In flexible electronics, ITO is widely used as a
transparent electrode (usually as an anode) in energy harvesting and light-emitting systems. Its
high work function enables its widespread use as a hole injection layer and/or electron
blocking layer in both energy-harvesting and light-emitting systems. The electrical and optical
properties of devices utilizing ITO are sensitive to the surface conditions of ITO. The work

function of ITO which, for instance, determines carrier injection efficiency into organic layers,
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is extremely sensitive to contaminants. Even a low concentration of adsorbed carbon on an
ITO surface may lead to higher turn-on voltages and/or lowered durability and luminous

efficiency.

In Ref. 5 the effects of ambient air DCSBD plasma on ITO (ITO-coated glass) surfaces as
well as the effect of ITO on the behaviour of plasma were investigated. As is evident from the
previous paper (Ref. 4), a glass substrate placed in close vicinity to DCSBD plasma leads to
suppression of filamentary plasma and expansion of diffuse plasma. The interaction of DCSBD
plasma and ITO glass leads to the total extinction of filamentary plasma, as shown in Figure 12.
When a conductive ITO surface is exposed to an electrical field, it acts as an electrode with
floating potential. The observed extinction of the filamentary plasma in gaps smaller than 0.75
mm bears a certain resemblance to the behaviour of standard-volume DBD burning between
two dielectric-coated electrodes in dry atmospheric-pressure air at approximately the same
values of inter-electrode gap widths [26]. The method presented in this paper shows a simple

method of avoiding filamentary streamer plasma in coplanar dielectric barrier discharges.

The effect of the plasma treatment on ITO accorded with the previously presented
results in Refs. 1-4. A very short treatment time, of a few seconds, led to a rapid decrease of
carbon from 51 at.% to 11 at.%, also associated with a considerable decrease in water contact
angle from 84° to <5°. The decrease of water contact angle was explained by cleansing of
carbon and oxygen contaminants and incorporation of functional polar groups. Damage to the
surface after plasma treatment was negligible. The importance of ITO surface conditions prior

to the application of functional coating is discussed in Section 3.
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Figure 12. Interaction between ITO and DCSBD plasma followed by total extinction of
filamentary plasma in a gap smaller than 0.75 mm, taken from Ref. 5.

In addition to the study in Ref. 5, our team recently published a paper entitled
Enhancement of electrical properties of flexible ITO/PET by atmospheric pressure roll-to-roll

plasma [27]. This work focuses on the plasma treatment of ITO deposited on flexible PET and
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the effects of plasma on the electrical properties of ITO. As reported in Ref. 5, it was also
confirmed that plasma treatment led to a swift decrease of carbon followed by a decrease in
water contact angle. We examined the efficiency of plasma generated in various gas
compositions from pure nitrogen to pure oxygen, as well as various ratios between nitrogen
and oxygen and including synthetic air. The effect of plasma on ITO work function was also
investigated. It is interesting that samples stored in the controlled environment of a dry-
nitrogen glove-box exhibited a slower ageing effect, which confirms our hypothesis that
moisture and contaminants present in ambient atmosphere contribute to the degradation of
surfaces treated by plasma. It was also confirmed that plasma treatment decreased the sheet
resistance of the ITO surface. Most of the laboratory work presented in reference [27] was
carried out by my postgraduate student Mr. Masoud Shekargoftar, who joined our team in

2016.
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3. Plasma post-treatment of coatings for flexible and printed electronics

3.1 State of the art

Flexible and printed photovoltaics can contribute greatly to increasing global access to
cheap energy. Dye-sensitized solar cells (DSSC) [28-31] and perovskite solar cells [32-35], in

which the photo-electrochemical system relies upon a mesoporous TiO, layer, have emerged

as a promising low-cost photovoltaic technology and constitute a notable application field for
semiconducting photoanodes. Other suitable applications for photoanodes involve, for
example, photocatalytic treatment of water [36,37], hydrogen production [38,39], energy

storage [40] and various sensing systems.

Titanium dioxide (TiO,) photo-electroactive layers have already been deposited by a
range of techniques in both gas and liquid phases. Deposition from liquid is popular, since the
manufacturing equipment required is relatively simple and often compatible with ambient
conditions. An example may be found in TiO, sol-gel (titanium[IV] isopropoxide, water,
hydrochloride acid and ethanol) deposition by spin-coating, dip-coating or spraying. After
deposition, the coating must be cured to facilitate solvent evaporation. This is usually
performed in an oven at 60 °C for 20 min. The coating is then visually homogeneous,
containing no defects, and consists of pure amorphous TiO,. However, amorphous TiO; is
electrochemically inactive and the coating has to be further sintered towards crystalline
TiOz,which has photocatalytic attributes. All crystalline forms of TiO, (anatase, rutile, brookite)
are photocatalytically active, although explanations for the variations in photocatalytical

efficiency remain largely lacking [41-43]. The temperature that is required to reach crystalline

structure in amorphous TiO, is higher than 400 °C [44]; this is completely incompatible with all

plastic low-cost flexible substrates. Such incompatibility also applies in other deposition

techniques, such as chemical vapour deposition (CVD), atomic layer deposition (ALD) and

plasma-enhanced CVD and ALD.

This ,temperature” problem may be overcome by utilizing pre-fabricated anatase

nanoparticles deposited on a surface, together with a binder from the liquid phase. However,
the viscosity and density of the binder must meet the requirements of common deposition
methods such as spraying [45], screen-printing [46], gravure printing [47], blade coating [48],
slot die coating and inkjet printing [30,49,50].

Numerous works in which TiO, mesoporous layers have been employed in

photovoltaics have reported the use of coating formulations that need to be either j) thermally
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sintered at temperatures higher than 150 °C [51] or ii) low-temperature sintered (UV and/or
plasma) for quite some time (more than 30 min) [52,53]. These high temperatures preclude
the use of such fabrication procedures for thermally sensitive substrates [54], such as flexible
plastics, while slow, low-temperature curing, employing UV or remote plasmas, involves
problems when fast/low-cost roll-to-roll manufacturing is envisaged. In particular, the

deposition of TiO, photoanodes on PET/PEN foils, with all its significant potential for

applications in printed electronics, has emerged as a considerable challenge.

It is generally accepted that plasma treatment of surfaces leads to modification of
several nanometres of material (specifically, 20 nm for polymers). Since functional coatings are
usually thicker (100 nm and more), traditional plasma treatments affect only the top of the
surface whereas the remainder of the bulk remains in its original state. Such treatments would
effect only minor or negligible changes and such a procedure also fails to induce any
crystallization. These statements are based on my own negative results (unpublished) obtained
when attempting high-power-density low-temperature plasma curing of sol-gel TiO, coatings
during my placement at the Singapore Institute of Manufacturing Technology. | have tried
various procedures (different chemical synthesis, ultra-thin multi-coatings, and extremely long
treatment times) and all of them have proven inapplicable to flexible electronics. | then began
to work on non-compact, porous and mesoporous coatings of the very high-specific surfaces
currently used in photovoltaics: mesoporous TiO; layers are commonly used in DSSC, as well as
perovskites. A hypothesis that DCSBD surface plasma might be generated within the coating
has been confirmed by pilot results, arising out of research performed in collaboration with Dr.

Petr Dzik from the Faculty of Chemistry, Brno Technological University, Czech Republic.

Refs. 6 and Ref. 7 show the results of this collaborative work on low-temperature
plasma processing of functional mesoporous TiO; photoanodes deposited on glass sheets and

flexible PET foils.

3.2 Comments on papers
[6]
T. Homola, P. Dzik, M. Vesely, J. Kelar, M. Cernak, M. Weiter, Fast and low-temperature (70 °C)

mineralization of inkjet printed mesoporous TiO, photoanodes using ambient air plasma, ACS
Appl. Mater. Interfaces. 8 (2016) 33562—33571. doi:10.1021/acsami.6b09556.

Number of times cited: 1 Journal IF: 7.5
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This work reports on the plasma processing of a TiO, mesoporous coating consisting of
pre-fabricated TiO, anatase nanoparticles (25 nm) embedded in a methyl-silica binder. The
binder was chosen in the light of previously reported work [55] because it enables excellent
printability on a number of surfaces while preserving a mesoporous structure. Although
methyl-silica emerged as a good binding material, the methyl groups on its surface do not
support electron transport and therefore the entire coating is of low electrochemical activity.
Typically, the coating can be sintered in an oven at 400 °C or cured by UV for several hours to
allow removal of organic methyl groups, or treated in high-power-density air plasma. This
process is generally known as mineralization and an example of mineralization via air plasma is

visualized in Figure 13.
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Figure 13. Visualization of plasma mineralization process in ambient air, taken from Ref. 6.

The results presented in Ref 6. show that rapid DCSBD plasma treatment leads to
mineralization of a binder of superior performance to that of binders traditionally sintered or
cured by thermal or UV processes. Since mineralization is associated with swift removal of
carbon, it may be determined by using XPS to measure the carbon. Figure 14 shows a
comparison of the concentration of elements in a coating deposited on glass after traditional
thermal sintering in an oven at 400 °C for 64 min, UV curing for 64 min, and low-temperature
plasma treatment for 64 s. All three procedures led to removal of carbon, i.e. mineralization
through oxidation of methyl groups. Thermal sintering decreased carbon from 21.6% to 8.9%
after approx. 1 hour. An hour of low-temperature UV curing was less efficient; it decreased the

atomic concentration of carbon to only 15.4%. In_sharp contrast, low-temperature

mineralization by plasma treatment decreased the atomic concentration of carbon to 5.7% in

approx. 1 min. The maximum decrease, ceasing at approx. 5%, may also be explained by the
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reasons given in Ref. 4 — transportation of the sample in ambient atmosphere may have led to

adsorption of carbon contaminants from the air.

Furthermore, thermal and UV treatments lead to an increased concentration of
sodium. This is clearly because Na* ions migrate from the bulk of the glass onto the glass
surface and/or farther into the TiO, coating. Sodium decreases the photocatalytic activity of
TiO, and the migration of sodium ions is often addressed by adding a 100-nm dense SiO,
crystalline interlayer deposit between substrate and TiO, coating [56]. Crystallization of dense
SiO; is associated with the same temperature issues as crystalline TiO, and is scarcely

applicable to thermally sensitive, flexible coatings. The coating treated with DCSBD plasma

showed no sodium.

I Carbon [ Oxygen 77 Titanium
[ ]silicon [l Nitrogen [l Sodium

100 -
S [ % /V

Figure 14. Atomic concentration of elements in a TiO,/SiO, mesoporous coating fabricated
using thermal sintering, UV curing and plasma treatment (complementary material to Ref. 6).

Ref. 6 shows results relating to the plasma mineralization of TiO,/SiO, coatings as
characterized by a range of experimental techniques, including profilometry, SEM, FTIR, BET,
XRD, XPS (including C1s, Ti2p peak analysis), linear sweep voltammetry, chronoamperometric

measurements and photocatalytic tests. The results may be summarized as follows:
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e Plasma mineralization is faster than traditional thermal and UV procedures and
because of the low temperature of plasma, only 70°C, it may be applied in the
manufacture of flexible electronics (FTIR, XPS).

e Plasma-mineralized mesoporous coatings showed increases in generated
photocurrents with respect to plasma treatment time, as shown in Figure 15.

e Plasma mineralization has no significant effect on the bulk structure of mesoporous
coating (SEM).

e Plasma mineralization has no significant effect on TiO, nanoparticles (XRD).
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Figure 15. Evolution of total current measured on TiO,/SiO, photoanodes deposited on FTO
glass together with total carbon concentration in the TiO,/SiO, coating, taken from Ref. 6.

(7]

T. Homola, M. Shekargoftar, P. Dzik, R. Krumpolec, Z. Dura$ovd, M. Vesely, et al., Low-
Temperature (70 °C) Ambient Air Plasma-Fabrication of Inkjet-Printed Mesoporous TiO2
Flexible Photoanodes, Flex. Print. Electron. 2 (2017) 035010. Doi: 10.1088/2058-8585/2a88¢e6.

Number of times cited: 0 Journal IF: N/A — new journal

Ref. 7 addresses a combination of plasma pre-treatment of ITO film on PET foil
(ITO/PET) and plasma post-treatment of TiO,/SiO, mesoporous coatings deposited on ITO/PET.

While working with DCSBD plasma in recent years, my colleagues and | noticed that treatment
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of lightweight materials, such as polymeric foils, was rendered problematic by difficulties
associated with electrostatic charges generated on the material surface. These led to
attraction of the treated material towards the plasma and consequently to contact between
the treated material and the DCSBD ceramic. Thus the ambient-air gap between the treated
material and the DCSBD ceramic has a tendency to shrink to zero, leading to plasma extinction.
As a solution to this problem, CEPLANT has developed, thanks to the contributions of Prof.
Mirko Cernak, Dr. Jozef Réhel and Dr. Du$an Kovacik, a pilot roll-to-roll plasma treatment
apparatus with concave-curved ceramic DCSBD electrodes. Since the plastic foil can be
stretched over the roller, the distance between foil and DCSBD ceramic remains constant and

stretching forces compensate for the force from the electrostatic charges.

The team found that short plasma treatment of ITO is important prior to application of
a Ti0,/SiO, mesoporous coating. Untreated ITO exhibited poor TiO,/Si0O, wetting, resulting in
an “orange-peel texture”, an undesirable phenomenon. Plasma pre-treatment of ITO/PET for 2
s removed most of the carbon contaminants and generated electronegativity, also important
for keeping the work function as high as possible. Interestingly, XPS analysis confirmed that
oxygen contaminants were present on the ITO surface, which were also removed from its
surface by plasma. After the plasma treatment, most of the oxygen present on the surface was

bound to tin and indium in amorphous and lattice structures.

Figure 16 visualizes roll-to-roll plasma processing of a mesoporous coating on flexible
ITO/PET foil. The foil is treated by curved DCSBD plasma mounted in close vicinity to the roll
with PET foil. This set-up can be further upscaled, e.g. the speed of the line may be increased

by adding another plasma unit, and so onwards.
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Figure 16. Visualization of plasma fabrication of large-area mesoporous TiO2 photoanodes by
roll-to-roll processing.

The apparatus for roll-to-roll treatment of flexible materials developed by CEPLANT
appears in Figure 17. The large-scale photoanodes were pre-printed at VUT (Brno University of
Technology), on a commercial Coatema printing line and afterwards the roll with the
photoanodes was treated on a roll-to-roll plasma line at Masaryk University. The plasma line
enables treatment of both sides at speeds ranging from 1 to 30 m.min, fully comparable with

standard industrial processes.

b)
Figure 17. a) Roll-to-roll system at Masaryk University developed by CEPLANT, b) detailed view
of TiO, mesoporous film on PET roll treated by the roll-to-roll system.

25



Figure 18 shows fully-mineralized 1 cm? flexible photoanodes on ITO/PET foil. The coating
maintains good mechanical stability on the flexible substrates. We are currently designing a

system for studying coating parameters under various bending conditions.

Figure 18. TiO,/SiO, hybrid nanocomposite flexible photoanodes inkjet-printed onto ITO/PET
foil, taken from Ref. 7.

Figure 19 shows the effect of plasma mineralization on total atomic concentration (at.
%) in TiOy/SiO, coating deposited on flexible ITO/PET. Figure 19 also compares total current
measured on Ti0O,/SiO, deposited on FTO glass [40] on flexible ITO/PET. The lower currents

measured in flexible photoanodes were explained by the higher sheet resistance of ITO.
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Figure 19. Evolution of total current measured on TiO,/SiO, photoanodes deposited on FTO

glass and ITO together with total carbon concentration in the TiO,/SiO, coating, taken and
merged from Ref. 6 and Ref. 7.



4. Conclusions

This habilitation thesis presents an extended summary of plasma treatment methods
for the fabrication and manufacture of low-cost flexible and printed electronics. | concentrated

my attention largely upon:

e plasma pre-treatment of flexible polymeric substrates,

e plasma processing of mesoporous TiO, photoanodes created on flexible

ITO/PET foils.

It is clear that low-temperature diffuse coplanar surface barrier discharge (DCSBD)
plasma in ambient air is capable of efficiently removing organic contaminants from flexible
surfaces and also of mineralizing mesoporous coatings by means of removing organic moieties
from a binder while preserving its mesoporous structure. This approach may be extended in
the future to cover other organic binders and a number of other nanoparticles, among them

Zn0O and WOs.

Plasma processing provides production performance superior to those techniques
currently considered standard (thermal sintering and UV curing), taking only a fraction of the
time required for them at far lower temperatures and making it particularly suitable for

incorporation into roll-to-roll fabrication units. This method could constitute an important and

major step forward in the large-scale manufacture of photonic devices, among many other

applications.

28



References

[1]

(2]

3]

[4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

D. Pappas, Status and potential of atmospheric plasma processing of materials, J. Vac.
Sci. Technol., A. 29 (2011) 20801. doi:10.1116/1.3559547.

S. Samukawa, M. Hori, S. Rauf, K. Tachibana, P. Bruggeman, G. Kroesen, et al., The 2012
Plasma Roadmap, J. Phys. D Appl. Phys. J. Phys. D Appl. Phys. 45 (2012) 253001—-
253001. doi:10.1088/0022-3727/45/25/253001.

I. Adamovich, S.D. Baalrud, A. Bogaerts, P.J. Bruggeman, M. Cappelli, V. Colombo, et al.,
The 2017 Plasma Roadmap: Low temperature plasma science and technology, J. Phys.
D. Appl. Phys. 50 (2017) 323001. doi:10.1088/1361-6463/aa76f5.

F. Fanelli, F. Fracassi, Atmospheric pressure non-equilibrium plasma jet technology:
general features, specificities and applications in surface processing of materials, Surf.
Coatings Technol. 322 (2017) 174-201. doi:10.1016/j.surfcoat.2017.05.027.

A. Fridman, Plasma  Chemistry, Cambridge University  Press,  2008.
https://books.google.cz/books?id=ZzmtGEHCCOMC&source=gbs_navlinks_s.

W. Siemens, Ueber die elektrostatische Induction und die Verzégerung des Stroms in
Flaschendrahten, Ann. Der Phys. Und Chemie. 178 (1857) 66-122.
do0i:10.1002/andp.18571780905.

J.F. McDonald, Plastics-treating apparatus, 2879396, 1959.
https://www.google.com/patents/US2969463.

H. Ebrahim, R. Williams, Kirlian photography—an appraisal, J. Audiov. Media Med. 5
(1982) 84-91. doi:10.3109/17453058209154332.

W. Ming, X. Weijun, L. Qiang, Filament Discharge Phenomena in Fingerprint Acquisition
by Dielectric Barrier Discharge, Plasma Sci. Technol. 9 (2007) 89—93. doi:10.1088/1009-
0630/9/1/18.

S. Masuda, K. Akutsu, M. Kuroda, Y. Awatsu, Y. Shibuya, A ceramic-based ozonizer using
high-frequency discharge, |IEEE Trans. Ind. Appl. 24 (1988) 223-231.
doi:10.1109/28.2860.

G.J. Pietsch, V.l. Gibalov, Dielectric barrier discharges and ozone synthesis, Pure Appl.
Chem. 70 (1998) 1169-1174. doi:10.1351/pac199870061169.

V.l. Gibalov, G.J. Pietsch, The development of dielectric barrier discharges in gas gaps
and on surfaces, J. Phys. D. Appl. Phys. 33 (2000) 2618-2636. doi:10.1088/0022-
3727/33/20/315.

M. Simor, J. Réhel’, M. Cerndk, Y. Imahori, M. Stefetka, M. Kando, Atmospheric-
pressure plasma treatment of polyester nonwoven fabrics for electroless plating, Surf.
Coatings Technol. 172 (2003) 1-6. d0i:10.1016/50257-8972(03)00313-X.

J. Rahel, M. Simor, M. Cernak, Hydrophilization of polypropylene nonwoven fabric using
surface barrier discharge, Surf. Coatings Technol. 170 (2003) 604-608.

L. Cernakova, D. Kovacik, a.Zahoranova, M. Cerndk, M. Mazur, Surface modification of
polypropylene non-woven fabrics by atmospheric-pressure plasma activation followed
by acrylic acid grafting, Plasma Chem. Plasma Process. 25 (2005) 427-437.
do0i:10.1007/s11090-004-3137-4.

29



[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D. Kovacik, Surface Modification of Polymer Materials by Atmospheric-Pressure Plasma
Induced Grafting, Comenius University, Slovakia, 2006.

J.A. Castellano, Handbook of display technology, Academic Press, 1992.

A.M. Zhu, L.H. Nie, Q.H. Wu, X.L. Zhang, X.F. Yang, Y. Xu, et al., Crystalline, uniform-
sized TiO2 nanosphere films by a novel plasma CVD process at atmospheric pressure
and room temperature, Chem. Vap. Depos. 13 (2007) 141-144.
do0i:10.1002/cvde.200604230.

M. Simor, J. Réhel’, P. Vojtek, M. Cernak, A. Brablec, Atmospheric-pressure diffuse
coplanar surface discharge for surface treatments, Appl. Phys. Lett. 81 (2002) 2716—
2718. d0i:10.1063/1.1513185.

J. Cech, Z. Bonaventura, P. Stahel, M. Zemanek, H. Dvordkova, M. Cernadk, Wide-
pressure-range coplanar dielectric barrier discharge: Operational characterisation of a
versatile plasma source, Phys. Plasmas. 24 (2017) 13504. doi:10.1063/1.4973442.

W. Wu, Inorganic nanomaterials for printed electronics: a review, Nanoscale. 9 (2017)
7342-7372. doi:10.1039/C7NR01604B.

R.D. Bringans, J. Veres, Challenges and opportunities in flexible electronics, in: 2016
IEEE Int. Electron Devices Meet., IEEE, 2016: p. 6.4.1-6.4.2.
doi:10.1109/1EDM.2016.7838361.

A. Kamyshny, S. Magdassi, Conductive Nanomaterials for Printed Electronics, Small. 10
(2014) 3515-3535. d0i:10.1002/smll.201303000.

S.H. Kim, J.-H. Kim, K. Bang-Kwon, H.S. Uhml||, Superhydrophobic CFx Coating via In-Line
Atmospheric RF Plasma of He-CF4-H2, (2005). do0i:10.1021/LA0521948.

T. Homola, V. Bursikova, P. Stahel, M. Cernak, TANGER, Diffuse coplanr surface barrier
discharge pre-treatment for improving coating properties, Nanocon 2014, 6th Int. Conf.
(2015).

J. Réhel, M. Sira, P. Stahel, D. Trunec, The transition between different discharge
regimes in atmospheric pressure air barrier discharge, Contrib. to Plasma Phys. 47
(2007) 34-39. d0i:10.1002/ctpp.200710006.

M. Shekargoftar, R. Krumpolec, T. Homola, Enhancement of electrical properties of
flexible ITO/PET by atmospheric pressure roll-to-roll plasma, Mater. Sci. Semicond.
Process. 75 (2018) 95-102.

H.C. Weerasinghe, F. Huang, Y.-B. Cheng, Fabrication of flexible dye sensitized solar
cells on plastic substrates, Nano Energy. 2 (2013) 174-189.
doi:10.1016/j.nanoen.2012.10.004.

J. Gong, J. Liang, K. Sumathy, Review on dye-sensitized solar cells (DSSCs): Fundamental
concepts and novel materials, Renewable Sustainable Energy Rev. 16 (2012) 5848—
5860. doi:10.1016/j.rser.2012.04.044.

S.G. Hashmi, M. Ozkan, J. Halme, S.M. Zakeeruddin, J. Paltakari, M. Grétzel, et al., Dye-
sensitized solar cells with inkjet-printed dyes, Energy Environ. Sci. 9 (2016) 2453-2462.
doi:10.1039/C6EE00826G.

J. Gong, K. Sumathy, Q. Qiao, Z. Zhou, Review on dye-sensitized solar cells (DSSCs):
Advanced techniques and research trends, Renewable Sustainable Energy Rev. 68
(2017) 234-246. doi:10.1016/j.rser.2016.09.097.

30



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

M. Gratzel, The Rise of Highly Efficient and Stable Perovskite Solar Cells, Acc. Chem.
Res. 50 (2017) 487—-491. doi:10.1021/acs.accounts.6b00492.

S.T. Williams, A. Rajagopal, C.-C. Chueh, A.K.-Y. Jen, Current Challenges and Prospective
Research for Upscaling Hybrid Perovskite Photovoltaics, J. Phys. Chem. Lett. 7 (2016)
811-819. doi:10.1021/acs.jpclett.5b02651.

S. Razza, S. Castro-Hermosa, A. Di Carlo, T.M. Brown, Research Update: Large-area
deposition, coating, printing, and processing techniques for the upscaling of perovskite
solar cell technology, APL Mater. 4 (2016) 91508. doi:10.1063/1.4962478.

M.A. Green, A.W.-Y. Ho-Baillie, Perovskite Solar Cells: The Birth of a New Era in
Photovoltaics, ACS Energy Lett. 2 (2017) 822—830. doi:10.1021/acsenergylett.7b00137.

I. Levchuk, M. Sillanpaa, C. Guillard, D. Gregori, D. Chateau, F. Chaput, et al., Enhanced
photocatalytic activity through insertion of plasmonic nanostructures into porous
Ti02/Si02  hybrid  composite films, J. Catal. 342 (2016) 117-124.
doi:10.1016/j.jcat.2016.07.015.

M.G. Méndez-Medrano, E. Kowalska, A. Lehoux, A. Herissan, B. Ohtani, S. Rau, et al.,
Surface Modification of TiO , with Au Nanoclusters for Efficient Water Treatment and
Hydrogen Generation under Visible Light, J. Phys. Chem. C. 120 (2016) 25010-25022.
doi:10.1021/acs.jpcc.6b06854.

A. Eftekhari, V.. Babu, S. Ramakrishna, Photoelectrode nanomaterials for
photoelectrochemical water splitting, Int. J. Hydrogen Energy. 42 (2017) 11078-11109.
doi:10.1016/j.ijhydene.2017.03.029.

J.B. Priebe, J. Radnik, A.J.J. Lennox, M.-M. Pohl, M. Karnahl, D. Hollmann, et al., Solar
Hydrogen Production by Plasmonic Au—TiO2 Catalysts: Impact of Synthesis Protocol and
TiO2 Phase on Charge Transfer Efficiency and H2 Evolution Rates, ACS Catal. 5 (2015)
2137-2148. doi:10.1021/cs5018375.

W. Li, F. Wang, Y. Liu, J. Wang, J. Yang, L. Zhang, et al., General Strategy to Synthesize
Uniform Mesoporous TiO2/Graphene/Mesoporous TiO2 Sandwich-Like Nanosheets for
Highly Reversible Lithium Storage, Nano Lett. 15 (2015) 2186-2193.
doi:10.1021/acs.nanolett.5b00291.

D.0. Scanlon, C.W. Dunnill, J. Buckeridge, S.A. Shevlin, A.J. Logsdail, S.M. Woodley, et
al., Band alignment of rutile and anatase TiO2, Nat. Mater. 12 (2013) 798-801.
doi:10.1038/nmat3697.

Z. i, S. Cong, Y. Xu, Brookite vs Anatase TiO ; in the Photocatalytic Activity for Organic
Degradation in Water, ACS Catal. 4 (2014) 3273—-3280. d0i:10.1021/cs500785z.

T.A. Kandiel, L. Robben, A. Alkaim, D. Bahnemann, Brookite versus anatase TiO »
photocatalysts: phase transformations and photocatalytic activities, Photochem.
Photobiol. Sci. 12 (2013) 602—-609. doi:10.1039/C2PP25217A.

M. V. Roldan, Y. Castro, N. Pellegri, A. Durdan, Enhanced photocatalytic activity of
mesoporous Si02/TiO2 sol-gel coatings doped with Ag nanoparticles, J. Sol-Gel Sci.
Technol. 76 (2015) 180-194. doi:10.1007/s10971-015-3765-6.

P. Arnou, M.F.A.M. van Hest, C.S. Cooper, A. V. Malkov, J.M. Walls, J.W. Bowers,
Hydrazine-Free Solution-Deposited Culn(S,Se) » Solar Cells by Spray Deposition of Metal
Chalcogenides, ACS Appl. Mater. Interfaces. 8 (2016) 11893-11897.
doi:10.1021/acsami.6b01541.

31



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

A. Supriyanto, L. Furqoni, F. Nurosyid, J. Hidayat, R. Suryana, Effect of sintering
temperatures and screen printing types on TiO2 layers in DSSC applications, AIP Conf.
Proc. 1717 (2016) 40001. doi:10.1063/1.4943444.

D. Vak, H. Weerasinghe, J. Ramamurthy, J. Subbiah, M. Brown, D.J. Jones, Reverse
gravure coating for roll-to-roll production of organic photovoltaics, Sol. Energy Mater.
Sol. Cells. 149 (2016) 154-161. doi:10.1016/j.solmat.2016.01.015.

Q. Hu, H. Wu, J. Sun, D. Yan, Y. Gao, J. Yang, Large-area perovskite nanowire arrays
fabricated by large-scale roll-to-roll micro-gravure printing and doctor blading,
Nanoscale. 8 (2016) 5350-5357. doi:10.1039/C5NR08277C.

C.M. Homenick, R. James, G.P. Lopinski, J. Dunford, J. Sun, H. Park, et al., Fully Printed
and Encapsulated SWCNT-Based Thin Film Transistors via a Combination of R2R Gravure
and Inkjet Printing, ACS Appl. Mater. Interfaces. 8 (2016) 27900-27910.
doi:10.1021/acsami.6b06838.

J. Alaman, R. Alicante, J. Pefia, C. Sanchez-Somolinos, Inkjet Printing of Functional
Materials for Optical and Photonic Applications, Materials (Basel). 9 (2016) 910.
doi:10.3390/ma9110910.

C.-Y. Chou, H. Chang, H.-W. Liu, Y.-). Yang, C.-C. Hsu, I.-C. Cheng, et al., Atmospheric-
pressure-plasma-jet processed nanoporous TiO2 photoanodes and Pt counter-
electrodes for dye-sensitized solar cells, RSC Adv. 5 (2015) 45662-45667.
doi:10.1039/C5RA05014F.

H. Kim, T. Hwang, Effect of titanium isopropoxide addition in low-temperature cured
TiO2 photoanode for a flexible DSSC, J. Sol-Gel Sci. Technol. 72 (2014) 67-73.
doi:10.1007/s10971-014-3427-0.

Y.F. Jiang, Y.Y. Chen, B. Zhang, Y.Q. Feng, N, La Co-Doped TiO2 for Use in Low-
Temperature-Based Dye-Sensitized Solar Cells, J. Electrochem. Soc. 163 (2016) F1133-
F1138. doi:10.1149/2.0141610jes.

V. Zardetto, T.M. Brown, A. Reale, A. Di Carlo, Substrates for flexible electronics: A
practical investigation on the electrical, film flexibility, optical, temperature, and
solvent resistance properties, J. Polym. Sci. Part B Polym. Phys. 49 (2011) 638-648.
do0i:10.1002/polb.22227.

D. Grégori, |. Benchenaa, F. Chaput, S. Thérias, J.-L. Gardette, D. Léonard, et al,,
Mechanically stable and photocatalytically active TiO2/SiO2 hybrid films on flexible
organic  substrates, J. Mater. Chem. A. 2 (2014) 20096-20104.
doi:10.1039/C4TA03826F.

C.S. Chua, O.K. Tan, M.S. Tse, X. Ding, Photocatalytic activity of tin-doped TiO2 film
deposited via aerosol assisted chemical vapor deposition, Thin Solid Films. 544 (2013)
571-575. doi:10.1016/j.tsf.2012.12.066.

32



Appendix: Copies of papers commented upon



