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Abstract
In this Master Thesis work, the potential of the µ-PlasmaPrinter (µPP) as plasma source for deposition
of patterned thin film metal oxides is investigated. The µPP combines the benefits of digital printing
technique with the versatility of atmospheric pressure plasma processing via multi needle-to-plane
dielectric barrier discharges (DBDs). The system has been already used to deliver amino-group
containing polymer thin films. However the µPP has never been used for deposition of thin film (sub-)
millimeter patterned metal oxides, which can be used for the fabrication of organic electronics, sensors
and LEDs.
Titanium dioxide (TiO2) was chosen as demonstrator with titanium tetra-isopropoxide (TTIP) as
titanium precursor. Several hardware modifications were required since TTIP is reactive with moisture
(i.e. water) from the environment and has a relatively low melting point. In the first part of this work,
sublimated TTIP precursor were guided to the discharge volume (where O2 was present) by means of
nitrogen carrier gas, in order to deposit patterned TiO2 thin films. This operation mode is also known
as plasma-enhanced chemical vapor deposition (PE-CVD). The depositions were performed on glass
and silicon (Si) substrates. The TiO2 films contained high levels of carbon and nitrogen as impurities,
according to XPS measurements and resulted of porous nature.
Therefore, in the second part of this Master Thesis work, the possibility of achieving higher material
quality by spatially separating the exposure of the substrate to the TTIP precursor and to the O2 plasma
was investigated. The deposition method where both precursor and oxidant exposures are separated
in the temporal (or spatial) domain is known as atomic layer deposition (ALD). Hence the µPP system
was upgraded to a µ-Plasma assisted ALD setup through the integration of a precursor dosing module.
The plasma and precursor head served each as one half-cycle in the ALD-process. ALD was achieved
through the alternate translation of both deposition heads over the substrate. It was shown that selflimiting surface reactions were obtained with a precursor exposure time of 475 ms, 10s of purge time
and 400 µs of O2 plasma exposure per ALD cycle, leading to a saturation value of the growth per cycle
(GPC) of 0.145 nm/cycle. It was shown that the amount of carbon in the films decreased to less than
one percent by increasing the plasma exposure time per ALD-cycle.
Hence the µPP can be used to deposit almost carbon-free TiO2 thin films with sub-nanometer growth
control by the modification to a plasma-assisted ALD setup. Furthermore it was shown that the
modification leads to an enhancement of the patterning resolution and provides a more accurate
thickness control for small area features. The possibility to perform patterned plasma-assisted ALD at
atmospheric pressure is something unique and could be applicable in numerous applications or the
µPP-head could possibly be implemented in other (spatial) ALD systems.
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1. Introduction
The interest in area selective deposition of thin films has been growing extensively in the past years,
for example in the manufacturing of transistors, interconnect technology 1, oxide electronics 2, printed
micro-electronics 3 and labs-on-chips devices 4. The feature dimensions keep shrinking according to
Moore’s law in the state-of-the-art devices 5, i.e. recently Intel fabricated a transistor as small as 14
nm 6. Nonetheless, area selective thin film deposition is also a challenge in large-area electronics,
where (sub-)millimeter patterned thin films are required, for example in the fabrication of transparent
conductive oxides (TCOs), e.g. indium tin oxide (ITO), organic light emitting diodes (OLEDs), liquid
crystal displays (LCDs), etc. 7,8,9. One of the most popular approaches at the moment for nanopatterning of thin films for nano-electronic applications is offered by a combination of atomic layer
deposition (ALDa) with lithography and/or etching steps, since ALD itself delivers no control over the
lateral dimensions 1,5. However (photo-)lithography is costly and delivers a low throughput, due to the
large amount of processing steps (resist spinning, light exposure, resist development)1. Therefore
photolithography is not beneficial in applications for large-area electronics, however it is the state-ofthe-art method in the fabrication of nano-patterned thin films. Due to the world’s cheaper and faster
mindset, a continuous demand exists for alternative methods in order to decrease the process time
and corresponding cost.

Figure 1: Throughput (m²/min) as a function of patterning resolution (µm) for several contact(less) and mask(less) deposition
techniques. The present status of the µ-PlasmaPrinter is shown. Patterned thin films can be fabricated with the µPP in a
contactless and maskless manner at atmospheric pressure.

Figure 1 presents an overview of mask(less) and contact(less) deposition techniques which can be used
to fabricate patterned thin films. The throughput (m²/min) is given as a function of the required
patterning resolution (µm). Deposition techniques using a mask, e.g. photolithography, achieve the
highest resolution (<100 nm), however the throughput is low. The contact-deposition techniques
achieve the highest throughput, despite the lower resolution. Therefore considerable effort has been
dedicated in the last years in investigating other methods to fabricate (sub-)millimeter patterned thin
films in a maskless and contactless process. One of the most promising techniques would be directprinting, which is a fast and inexpensive deposition technique to deposit micro-scale patterned thin
a

Basic principles and properties of ALD can be found in Appendix A.
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films. A wide variety of different direct-printing techniques are on the market, for example inkjet
printing, direct-write assembly, micro-stereo lithography, etc. The minimum feature sizes vary in a
range from a few hundred micrometers down to a few micrometer10. Innophysics B.V. has developed
the µ-PlasmaPrinter (µPP), which enables plasma treating of surfaces at atmospheric pressure in a
patterned manner without the requirement for contact or masks. The present status of the µPP is
depicted in Figure 1. The patterned, maskless and contactless characteristics of the µPP make it a
potentially attractive deposition technique. However the potential of the µPP has not been explored
yet and has never been used as a tool for deposition of patterned inorganic metal oxides thin films.

µ-PlasmaPrinting
The µPP was developed and engineered by Innophysics B.V. and combines the benefits of digital
printing technique with the versatility of atmospheric pressure plasma processing, by adopting multi
needle-to-plane dielectric barrier discharges (DBDs). The main parts of the system are a high voltage
substrate table, a dielectric layer and a print head. The print head is integrated in a XYZ platform and
consists of 24 grounded needle electrodes, which can be individually displaced towards the high
voltage substrate table. Thereby the critical electric field required for breakdown of the gas can be
passed and micro discharges are ignited, as depicted in Figure 2a. Figure 2b shows the side and bottom
view of the print head when all needles are simultaneously ignited. The µPP enables plasma treating
surfaces in a patterned manner by defining digital images as patterns. Since the system is operated at
atmospheric pressure, there is no need for expensive vacuum equipment and it enables the
compatibility with roll-to-roll systems for large area processing in industrial applications.

Figure 2: a) Micro discharges are ignited when a needle electrode is displaced towards the high voltage substrate table and
the applied electric field reaches the critical field required for breakdown 11. B) Side and bottom view of the print head when
all needles are simultaneously ignited. C) Resolution of the µPP for activation of surfaces using N2 plasma, prior to digital inkjet
printing. D) Hydrophilic functional groups are implanted at the surface, through µ-PlasmaPrinting, at which ink only adheres.
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The system has been initially designed for patterned surface treatment using air, N2 or O2 plasmas. The
achievable resolution with the µPP for surface treatment is proved to be in the order of several
hundreds of µm, as depicted in Figure 2c, in which an image is shown where the µPP has been used
prior to inkjet printing in order to increase the wetting behavior. The µPP has been used to deposit
patterned organic thin films, i.e. amine-containing polymer by guiding a specific vaporized precursor
(3-aminopropyl trimethoxysilane, APTMS) towards the discharge-volume, without the requirement for
a mask or physical contact of the needle electrodes with the substrate. A possible application of the
amine-containing polymer films is electroless Nickel plating 12. Figure 2d presents an example where
hydrophilic functional groups are implanted at the surface by a plasma polymerization process. The
µPP was used as a plasma source and hexamethyldisiloxane (HMDSO) as precursor, ink only adheres
at the treated areas 13.
The possibility to deposit metal oxides thin films with the µPP system has not been explored yet.
However, the µPP has a potential to be utilized as plasma source for plasma enhanced chemical vapor
deposition (PE-CVD) of metal oxides in atmospheric pressure. PE-CVD is a deposition technique in
which a vaporized precursor, together with an oxidant (i.e. O2) is fed into the discharge volume14. As
we will see at the end of section 4.1, the material quality of the deposited thin films with the µPP as
plasma source in a PE-CVD process is not satisfactory in terms of film density and presence of
impurities. Therefore, the setup is converted into a micro-plasma printer assisted atomic layer
deposition (ALD) setup. In ALD (the basic principles and properties of ALD can be found in Appendix A)
the substrate is exposed to alternating pulses of precursor and oxidant (an O2 µ-plasma in this case)
exposures, resulting in self-limiting surface reactions15,16. The self-limiting and alternating behavior is
acknowledged to result in high-quality films. Therefore, the combination of the µ-PlasmaPrinting
technique with ALD could lead to a significantly enhanced material quality patterned thin films.

Goal and outline
The µ-PlasmaPrinter was initially designed to activate surfaces chemically with air, nitrogen or oxygen
plasmas. However the µPP has not been employed for metal oxide film deposition so far. Therefore
the first research question is:
1. Can the µPP, which is initially used for plasma activation of surfaces, be used for deposition of
metal oxides thin films (e.g. Titanium dioxide) in a patterned manner according to a PE-CVD
mode?
a. What are the required hardware modifications to enable metal oxides thin film
deposition with the µPP?
b. What is the growth rate of the deposited film? Is there a difference when depositing
on dielectric or conductive substrates?
c. What are the film properties? What is the stoichiometry, impurity content, etc.? And
how do the properties (stoichiometry, roughness, etc.) compare with those achieved
with other CVD systems?
d. What is the patterning resolution of the µPP, when depositing TiO2 thin films in PECVD mode?
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Secondly, the question arises if the separation of the organometallic precursor and oxidant can lead to
an improvement in film properties? Therefore the second research question is:
2. Can the µPP be modified in order to achieve successful plasma-assisted atomic layer deposition
of metal oxides (e.g. TiO2) in a patterned manner?
a. What are the required hardware modifications?
b. What is the ALD process development?
c. What are the properties of the films? What is the effect of the plasma exposure time?
d. What is the patterning resolution of the µPP in ALD mode? How does the resolution
change in comparison with the PE-CVD mode?
e. How do the properties (stoichiometry, impurity content, roughness, etc.) change in
comparison with the PE-CVD mode? And how do these properties compare with other
ALD processes reported in literature?

The structure of the thesis is based on the above mentioned specific research questions/goals. The
principles of dielectric barrier discharges, streamer formation and the µPP are reviewed in Chapter 2.
In Chapter 3, the experimental setup and diagnostic techniques are discussed. The hardware related
part of the µPP is discussed, followed by the deposition setup for the PE-CVD experiments. The
required hardware modifications to modify the system into a plasma-assisted ALD setup are described
in the next section, together with the deposition setup. Different techniques such as Spectroscopic
ellipsometry, X-ray Photoelectron spectroscopy, Atomic force microscopy, Rutherford backscattering
spectrometry, Scanning electron microscopy and Raman spectroscopy were used to characterize the
deposited thin films in terms of thickness, physical and chemical properties. The results are presented
in Chapter 4. First the deposited TiO2 thin films in PE-CVD mode are discussed. Followed by the results
of the ALD-experiments together with a comparison of the two different deposition modes. The
conclusion and answers to the research questions are given in Chapter 5, together with an outlook for
future experiments.
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2. Theoretical background
The µPP is based on multi needle-to-plane dielectric barrier discharges (DBDs). Electrical breakdown
in a DBD occurs in a large amount of filaments, referred to as micro-discharges 17,18. In the first section
the principles of DBDs and the formation of a micro-discharge are explained. Secondly, the principles
of the µPP are discussed. The hardware related part of the µPP is described in section 3.1.

2.1 Dielectric Barrier Discharges (DBDs)
Plasmas can be divided in two main categories, thermal and non-thermal plasmas. In thermal plasmas
the electron and ion (gas) temperatures are equal, while in non-thermal plasmas the electron
temperature is significantly higher than the ion (gas) temperature 19. Atmospheric pressure nonthermal plasmas are generated by either corona discharge or DBDs 20. The DBDs have been studied for
more than a century 21,17, due to the broad variety of applications such as surface modification, material
processing, water treatment and ozone production 22,23. A basic planar DBD configuration is shown in
Figure 3, where discharges are ignited between two metallic electrodes connected to an AC power
supply and at least one of the two electrodes is covered by a dielectric layer. The latter is done to limit
the discharge current and dissipated power and to prevent the transition to an arc discharge 24.
Materials such as glass, quartz, polymers and ceramics can be used as dielectric layers. The dielectric
layer in between the electrodes does not allow the transport of dc current 22, hence an alternating
electric field is required to drive a displacement current 18. Therefore DBDs are always operated with
AC supply voltages.
The voltage applied between the electrodes needs to exceed a certain threshold voltage in order to
cause breakdown of the gas, i.e. to ignite a gas-discharge. The breakdown voltage of a gas is
determined by the Paschen’s law, which is explained in this section. Electrical breakdown in a DBD
configuration occurs in a large series of current filaments with a short duration time (<10-7s), referred
to as micro-discharges 17,18. DBDs can be ignited at atmospheric pressure and numerous microdischarges are observed in most gases 25. The discharges can be influenced by external parameters, for
example by the amplitude and frequency of the supply voltage, the distance between the two
electrodes and type of gas mixture.
Different types of discharges are presented in Figure 4, in which the voltage is plotted as a function of
the discharge current. The graph is determined for a parallel plate setup with Neon gas at 1 Torr
pressure and a gap distance of 50 cm. Therefore the numeric values are not relevant for the µPP, but
the behavior is expected to be the same. The dark discharges (Figure 4 A-D) are also known as
Townsend discharges. With low applied voltage (A, B), the discharge is not self-sustaining and current
is provided by the outside circuit. Once the applied voltage exceeds the breakdown voltage, the selfsustained discharge region is reached (C, D) and a Townsend discharge is sustained.
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Figure 3: Basic DBD configuration. A dielectric layer is positioned between two parallel plate electrodes, in order to
limit the discharge current and dissipated power. One electrode is fed with a high voltage signal, while the other
electrode is grounded. 25

Figure 4: Schematic representation of the discharge characterization. The voltage is shown as a function of discharge current.
The graph is determined for a parallel plate setup with a gap distance of 50 cm for Neon gas at 1 Torr pressure.

The dark discharge (Townsend discharge) region is characterized by a low discharge current density,
resulting in a low ionization rate and a low charge density 26. Therefore no appreciable light is emitted,
therefore the name dark discharge. When the discharge current further increases, the discharge makes
a transition to a glow discharge (D-I), where the required voltage to sustain the discharge decreases.
The glow discharge region is divided in two separate regions, referred to as the normal (E-G) and the
abnormal (G-I) glow discharge. When the discharge current exceeds a specific threshold current, the
discharge changes from an abnormal glow discharge to an arc discharge (I-K) and the required voltage
to sustain the discharge decreases significantly. Region I-J represents non-thermal plasmas, while
region J-K represents thermal plasmas, which are characterized by a large discharge current.
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Figure 5: Paschen’s curves for different gases: the breakdown voltage is depicted as a function of pressure times gap distance
(Torr cm). The blue and green dots represent the breakdown voltage determined for the µPP for both air and nitrogen (100
sccm), respectively. Since the µPP operates at atmospheric pressure, the breakdown voltage depends only on the gap distance.

The electrical breakdown voltage of a gas is determined by the Paschen’s law, which describes the
breakdown voltage as a function of the product of electrode gap spacing and chamber pressure,
according to Eq. 1:
𝑉𝑏𝑟 =

𝛼𝑝𝑑
ln(𝑝𝑑) + 𝛽

(1)

with Vbr the breakdown voltage, d the gap electrode distance (meters), p the pressure (Torr), and α and
β constants depending on the gas mixture. The Paschen curves in Figure 5 are determined for a parallel
plate setup with DC supply voltages, low pressure and no dielectric layer between the electrodes. The
blue and green dots represent the experimentally determined breakdown voltages for the µPP for air
and nitrogen (100 sccm) respectively (measured during this Master Thesis work). As seen in the figure,
the experimental determined breakdown voltages for the µPP are higher than predicted by Paschen’s
law. Moreover, the values are also higher than other in the literature reported values27. A few possible
explanations are listed below:
-

Parallel plate vs. needle-to-plane setup.
DBD setup (needle electrode serves as the cathode in only half of the voltage cycles, hence
decreased amount of secondary electron emission28).
Voltage drop across the dielectric layer.
Paschen curves are determined for a low pressure setup with larger gap distance. µPP operates
at atmospheric pressure with very small gap distances (in order of 100 µm).

However, the voltage drop across the dielectric layer is the most likely explanation. The measured
voltage is the voltage applied between the two electrodes, however there is a finite voltage drop across
the dielectric layer. Therefore the potential difference in the discharge gap is smaller than the applied
voltage, which explains the difference between the Paschen’s curves and the experimentally
determined values. Since the µPP is operated at atmospheric pressure, the breakdown voltage
depends only on the gap distance between the electrodes (Eq. 1). The breakdown voltage of nitrogen
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is smaller than the breakdown voltage of air at small gap distance, however the opposite occurs by
increasing the gap distance, as shown in Figure 5.

Development of a micro-discharge
The development of a micro-discharge is explained using Figure 6, in which the different stages of a
micro-discharge are presented. A micro-discharge is initiated by an electron avalanche and at least
one free electron is required to trigger an electron avalanche. The free electron is subjected to an
applied electric field according to Eq. 2:
𝐸=

𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑
𝑑𝑔𝑎𝑝

(2)

with Vapplied the applied voltage and dgap the gap distance between the electrodes. The free electron is
accelerated by the electric field and thereby increasing its energy. When the electron gains enough
energy to cause ionizing collisions with neutrals, an ion and an extra electron are produced. The free
electrons are consequently accelerated by the electric field and are able to ionize other neutrals. The
latter is known as direct-ionization28. The electron density increases exponentially according to Eq. 3:
𝑛𝑒 = 𝑛𝑒,0 𝑒 𝛼∗𝑧

(3)

in which ne is the electron density, ne,0 the initial electron density, z the distance over which the
electrons are accelerated and α the Townsend ionization coefficient 29. The exponential increase of
free electrons induces an electron avalanche (Figure 6). Due to the large mass difference between
electrons and ions, the electrons are accelerated faster than the ions and are located in the head of
the avalanche. The charge separation induces a dipole, enhancing the local electric field strength in
the streamer head 12,30. An avalanche to streamer transition appears, when the electric field in the
streamer head is comparable in magnitude as the externally applied electric field 29. The streamer
propagates to the anode, with the streamer head in front and the electrons disappear into the
electrode, upon impact of the streamer head. The positive ions are left behind in the discharge gap,
resulting in a strong radial electric field (Figure 6) 17,31. The recombination of electron-ion pairs leads
to the emission of photons, which are able to cause secondary avalanches through photo-ionization.
The secondary avalanches result in the formation of a cathode directed streamer, which are
characterized by a velocity of approximately 108 cm/s 30. The impedance in the discharge gap drops
upon formation of a streamer, resulting in a large discharge current and dissipation of power. A
dielectric layer is positioned between the electrodes, in order to reduce the dissipated power and to
prevent the substrate from damage. The discharge breaks down after tens of nanoseconds, because
the electric field in the discharge gap is counteracted by charge accumulation at the dielectric surface
29
. The remaining positive ions diffuse slowly to the electrode, resulting in a slow decaying ion current,
which can last for tens of microseconds. The latter is known as micro-discharge remnant 12,29. A DBD
cannot be operated with DC supply voltages, since charge accumulation at the dielectric surface
prevents the formation of new streamers, therefore a DBD is always operated with AC supply voltages.
The approximated duration time and transferred charges for every stage of a streamer discharge are
presented in Table 1.
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Figure 6: Development of a streamer discharge. A streamer discharge is initiated by an electron avalanche, followed by an
avalanche to streamer transition and finally by a cathode directed streamer. Taken from 30.
Table 1: Duration time and transferred charges for the different stages of a micro-discharge.

A: Micro-discharge
A.1 Electron avalanche
A.2 Cathode directed streamer
A.3 Plasma channel
B: Micro-discharge remnant

Duration time
40 ns
10 ns
1 ns
30 ns
1 ms

Transferred charge
10-9 C
10-11 C
10-10 C
10-9 C
< 10-9 C
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2.2 µ-PlasmaPrinting principles
The µPP enables plasma treating surfaces in a patterned manner by defining digital images as patterns.
The main parts of the µPP are a high voltage substrate table, a dielectric layer and a print head. The
power supply generates a sinusoidal voltage signal with a frequency of 67 KHz and an amplitude
variable between 0 and 10 kVPP (peak-to-peak). The high voltage signal is fed into the substrate table.
Since the µPP is based on DBDs, a dielectric layer is placed between the substrate table and the print
head.
The print head consists of two rows of twelve grounded needle electrodes, equally spaced by 270 µm
and each needle can be individually displaced towards the substrate table, which will be addressed
through the rest of this thesis as an “activated needle”. An activated needle is displaced by
approximately 700 µm towards the high voltage substrate table (Figure 7a), thereby increasing the
applied electric field, according to Eq. 2. The activated needle electrodes oscillate with a frequency
between 0 and 400 Hz, depending on the printing settings. The distance between the substrate and
the needle electrode (at its minimum position) is variable between 50 and 300 µm, depending on the
gas mixture and applied voltage. As already has been discussed in section 2.1, the electrical breakdown
voltage of a gas is determined by Paschen’s law and depends on the gap distance between the needle
electrodes and the high voltage substrate table. According to the Paschen’s law, a micro-discharge is
ignited when a needle electrode is displaced towards the substrate table and reaches the critical
distance for the breakdown. The discharge is terminated when the gap distance becomes larger than
the critical distance (Figure 7a) and Paschen’s law is not satisfied anymore. The print head is integrated
in a XYZ platform, enabling patterned plasma treatment of the surface positioned on top of the high
voltage table. The µPP can be used for different types of plasma processing (i.e. surface modification,
etching and deposition) by guiding a specific gas mixture to the print head.

Figure 7: Basic principles of µPP setup. Micro-discharges are ignited when a needle electrode is activated and the applied
electric field reaches the critical field required for breakdown. An activated needle is displaced by approximately 700 µm,
towards the high voltage substrate table. (b) Discharge current as a function of time. Multiple discharges are ignited during
one needle oscillation period. (c) Discharge signal and applied voltage as a function of time, at least two discharges are ignited
during one voltage period. One positive on the rising edge and one negative on the falling edge of the voltage signal.
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In order to print one plasma dot, a needle electrode is activated and starts moving towards the high
voltage substrate table, thereby decreasing the gap distance between the needle electrode and the
substrate table. When the gap distance reaches the critical distance required for breakdown of the
gas, a first micro-discharge is ignited (Figure 7a,b). Since the frequency of the supply voltage (67 KHz)
is significantly larger than the needle frequency (0-400 Hz), multiple discharges are ignited during one
needle movement (Figure 7b). In approximately 400 µs of one needle movement, the needle electrode
is close enough to the substrate to satisfy Paschen’s law. The applied voltage is a sinusoidal signal and
at least two discharges are ignited during one voltage period, one positive discharge on the rising edge
and one negative on the falling edge, as shown Figure 7c32. The number of ignited micro-discharges in
one needle movement depends on the gap distance, applied voltage, gas composition and type of
substrate. Typically in one needle movement 40-100 micro-discharges are ignited (Figure 7b). The
discharge current, plasma energy and plasma duration time have been studied in previous works, by
the author of this Master Thesis 32. The plasma energy and duration time are presented as a function
of applied voltage for variable gap distance in Figure 8, determined in ambient air and for one single
needle movement. Extended information can be found in 32. It was shown that with a plasma filament
size of 100 µm (radius), the typical power per cm² varies between 250 and 650 W/cm², depending on
the applied voltage and gap distance. However the power density is highly dependent on the filament
size.

Figure 8: Plasma energy (a) and duration time (b) as a function of applied voltage for variable gap distance. Determined in
ambient air and for one single needle movement. 32

As the µPP is a DBD system, a dielectric layer is required between the needle electrodes and the high
voltage substrate table. Two different configurations of the setup exist, depending on the type of
substrate (i.e. dielectric or conductive). If the substrate is a dielectric material, no extra dielectric is
required between the needle electrodes and high voltage table. The substrate itself serves as the
dielectric in the DBD system (Figure 9a). When a voltage is applied between the high voltage substrate
table and grounded needle electrodes, an electric field is established and the charge carriers in the
dielectric substrate are shifted slightly from their average positions, counteracting the applied electric
field. When the Paschen’s law is satisfied, micro-discharges are ignited between the activated needles
and dielectric substrate.
The second configuration of the setup (Figure 9b) is used when the substrate is (semi-)conductive (e.g.
Si). In order to maintain a DBD system, a dielectric layer is required between the needle electrodes and
the conductive substrate. A 260 µm thick Al2O3 layer is used as the dielectric and positioned between
the needle electrodes and the conductive substrate, as depicted in Figure 9b. The distance between
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the activated needles and the dielectric layer is approximately 150 µm. When a voltage is applied
between the high voltage table and the grounded needle electrodes, two electric fields establish with
the same direction and the charge carriers in the dielectric layer shift slightly from their average
positions, trying to cancel the applied electric field. When Paschen’s law is satisfied, micro-discharges
are ignited both between the activated needles and dielectric layer and between the dielectric layer
and conductive substrate, as depicted in Figure 9b.

Figure 9: Schematic representation of the two different configurations of the setup, depending on the type of substrate (i.e.
dielectric or conductive). When the substrate is a dielectric material (a), the substrate itself serves as the dielectric in the DBD
system. Micro-discharges are ignited between the activated needles and the dielectric substrate. When the substrate is
conductive (b), a dielectric layer (260 µm thick Al2O3) is positioned between the conductive substrate and the needle electrodes
in order to maintain a DBD system. Micro-discharges are ignited both between the activated needles and dielectric layer and
between the dielectric layer and conductive substrate.

Patterned plasma treatment is enabled by loading digital images into the µPP-software. The software
consequently transforms the image into a pattern and defines which needle electrodes need to be
activated at the specific locations. The images consist of black and white pixels. Black pixels are ignited
by one of the 24 needle electrodes, while white pixels remain untreated. The distance between
consecutive plasma dots of a defined pattern can be modified in the µPP-software. Two values of 90
or 270 µm were chosen as distance between consecutive plasma dots. The difference between the
two printing modes is depicted in Figure 10. The numbers inside the dots, represents which needle
electrode (1-24) is activated for the specific plasma dot.
As it was already mentioned, the distance between the centers of the needle electrodes in the plasma
head is 270 µm. Thus when an image of twelve pixels wide is printed, with the distance between the
dots set at 270 µm, the printer needs only one movement in Y axis to complete the image (Figure 10a).
Plasma printing with a distance of 270 µm between consecutive dots is referred to as printing without
overlap, since the different plasma filaments do not overlap each other on the surface (under
assumption that the plasma filament size is less than 270 µm). The other possibility is to set the
distance between the dots at 90 µm (Figure 10b). Plasma printing when the distance between the dots
is set at 90 µm is referred to as printing with overlap, since the different plasma filaments do overlap
each other on the surface. One plasma print repeat (PR) is completed when every defined dot in the
pattern is ignited once, by one of the 24 needle electrodes. The plasma ignition time for every dot (150
µm gap and 6.0 kVPP) is approximately 400 µs (Figure 8b).
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Figure 10: Motion patterns of the µPP for two different distances between consecutive plasma dots: (a) 270 µm and (b) 90
µm. In (a) the different plasma filaments do not overlap each other on the surface, while in (b) the plasma filaments do overlap.
Under assumption that the plasma filament size less than 270 µm. µ-PlasmaPrinting with the distance between consecutive
dots set at 270 or 90 µm, is referred to as printing without and with overlap, respectively. The numbers inside the dots,
represent the needle electrode activated for the specific dot.
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3. Experimental
In this chapter, the experimental setups and (thin film) characterization methods are explained. In the
first section, the working principle of µPP setup is explained in detail. The deposition setups for the PECVD and plasma-assisted ALD experiments are described in the second section. Several material
characterization methods were used such as spectroscopic ellipsometry (SE), X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), scanning electron microscopy (SEM), Raman
spectroscopy and Rutherford backscattering spectrometry (RBS) which are addressed in the last
section of this chapter.

3.1 µ-PlasmaPrinter
The µPlasmaPrinting principles were already explained in section 2.2. This section addresses the
hardware related part of the µPP setup. Figure 11 shows the different components of the µPP. The
power supply generates a sinusoidal voltage signal which is fed into the substrate table, which is made
of glass or plastic with a thin ITO (Indium tin oxide) layer on top. The ignited micro-discharges can be
visualized by an inline camera. The system is operated by the µPP-software, as developed and
engineered by Innophysics B.V. Since the µPP is operated at atmospheric pressure it does not require
expensive vacuum equipment and it enables plasma treating surfaces which cannot be used in vacuum.
Nonetheless the µPP is compatible with roll-to-roll systems for large area processing in industrial
applications.b

Figure 11: Picture of the µ-PlasmaPrinter, showing the different components. The main parts are a print head, substrate table,
controller/power supply box and the µPP-software.

b

The interested reader is referred to the following website: http://innophysics.nl/index.php/uplasmaprintmovie where an informative video of the µPP can be found.
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Figure 12 presents a 3D-schematic of the plasma print-stage, which is integrated at a XYZ-platform.
The print-stage is composed of a print head, gas chamber, gas curtain system and an inline camera. A
gas chamber with an inlet and outlet is attached around the print head, as indicated in Figure 12, which
is designed to guide and evenly distribute the gas mixture towards the needle electrodes. The gas
outlet can be connected to a vacuum pump and be used as an exhaust line. In order to avoid reactions
between the gas mixture and surrounding air from the environment, a gas curtain system was designed
which surrounds the print head and gas chamber and provides a continuous flow of nitrogen. The
plasma print-stage is integrated at a XYZ-platform, more specifically in a modified Roland EGX-350
engraving machine, in order to make patterned plasma treatment possible. The motion speed of the
system is variable between 10 and 60 mm/s and the motion engines have an accuracy of ± 20 µm in
XY-direction, which control the spatial position of the print head.

Figure 12: 3D schematic of the print-stage. A gas chamber with an in- and outlet is attached around the print head. The gas
chamber and print head are surrounded by a gas curtain system, providing a continuous flow of nitrogen, to avoid reactions
of the gas mixture with moisture from the environment.

As already has been explained in section 2.2, a dielectric layer is required between the needle
electrodes and the high voltage substrate table and two different configurations of the setup exist,
depending on the type of substrate. If the substrate is a dielectric material, the substrate itself serves
as the dielectric and the setup is used as shown in Figure 12. If the substrate is a (semi-)conductive
material, an extra dielectric layer (260 µm thick Al2O3) is positioned between the needle electrodes
and the conductive substrate. A 3D schematic of the print-stage for plasma treating conductive
substrates can be found in Appendix C.

3.2 Deposition setups
The deposition setups are described in this section. First the PE-CVD setup is addressed, followed by
the modification towards the setup for the ALD experiments. In this work titanium tetra-isopropoxide
(TTIP) was selected as titanium precursor to deposit titanium dioxide (TiO2) thin films. TTIP was
selected for several reasons, which are addressed at the end of this section.
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3.2.1 PE-CVD setup
A schematic view of the PE-CVD µPP setup is shown in Figure 13. All required system modifications are
extensively described in Appendix B. N2 (99.995% purity) was used as carrier gas which was fed into a
stainless steel TTIP bubbler, in which the precursor vaporized. The N2 flow was controlled by a mass
flow controller (MFC). The TTIP bubbler was heated to 32 ± 3 °C. The flexible stainless steel line and
gas chamber were heated to 50 ± 3°C and 55 ± 5°C, respectively, to prevent precursor condensation.
The temperature of the substrate table remained 55 ± 5°C during all the experiments. The exhaust line
was connected to a vacuum pump and the pumping speed was controlled by a needle valve and a MFC.
For TiO2 depositions on dielectric substrates, a TTIP precursor flow and pump flow of 25 sccm was used
and the oxygen (99.5% purity) flow was varied between 0 and 10 sccm. For TiO2 depositions on
conductive substrates, a TTIP precursor and pump flow of 53 and 75 sccm was used, respectively, in
order to maintain a continuous gas flow underneath the dielectric spacer. A schematic view of the PECVD setup for conductive substrates can be found in Appendix C. The gas curtain system (not shown
in Figure 13) was fed with 500 sccm N2, in all PE-CVD experiments. The precursor lines and gas chamber
were purged before and after depositions for 1 hour with 200 sccm N2 flow.

Figure 13: Schematic view of the PE-CVD µPP setup for depositing on dielectric substrates. The TTIP precursor and exhaust
flow was 25 sccm and the oxygen flow was varied between 0 and 10 sccm. The temperatures of the bubbler, lines, gas chamber
and substrate table were constant in all experiments: bubbler (32 ± 3°C), precursor lines (50 ± 3°C), gas chamber (50 ± 5°C)
and substrate table (55 ± 5°C).

3.2.2 Plasma-assisted ALD setup
As already mentioned in the introduction, the µPP can probably be used as a plasma source for a
plasma-assisted ALD process and lead to an improvement of the film properties and material quality.
The basic principles of ALD can be found in Appendix A. The required hardware modifications to modify
the µPP to a plasma-assisted ALD system are described in this section, together with the deposition
setup for the ALD experiments.
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Since ALD is based on the alternate pulsing of a precursor and a reactant (or plasma) gas, a precursor
dosing head was integrated at the print-stage. A schematic view of the modified print-stage is shown
in Figure 14. The precursor head is made of aluminum and is designed to evenly distribute the
precursor over the surface. The head consists of one central inlet channel and four exhaust channels,
which converge into one central exhaust channel. The precursor head was used as one half-cycle in
the ALD process, while the plasma print head was used as the second half-cycle, through oxidation
with O2-plasma. A gas curtain system (Figure 14) was designed to separate the precursor and print
heads from each other and from the environment in order to avoid reactions with moisture from the
environment and with each other.

Figure 14: 3D Schematic of print-stage for plasma-assisted ALD setup. A precursor dosing head was integrated in the µPP.
Precursor dosing head and plasma head were separated from each other and from environment by a gas curtain system.

ALD reactions are achieved by the alternate shifting of both deposition heads (i.e. plasma and
precursor) over the sample’s surface. The substrate is located at a fixed position on the substrate table.
The different steps of one TiO2 ALD-cycle with TTIP as precursor and O2 plasma as oxidant in the
plasma-assisted ALD setup are explained in the following, using Figure 15 and Figure 16:
(a) The substrate is exposed to the TTIP precursor by shifting the precursor dosing head over the
substrate’s surface, the TTIP precursor molecules absorb on the surface. In an ideal situation, only
one sub-monolayer absorbs in a self-limiting manner due to the limited number of available
surface sites. The self-limiting behavior can be checked by controlling the growth per cycle (GPC)
as a function of precursor exposure time.
(b) The precursor dosing head moves away from the substrate, while the plasma head approaches the
substrate. Unreacted TTIP molecules and byproducts are removed through the exhaust by a
combination of the N2/O2 flow with the exhaust flow. Hence the purge step is performed during
the transition from the precursor head to the plasma head. Extra purge time can be added, by
moving the plasma head over the substrate without plasma ignition.
(c) The substrate is exposed to O2-plasma, produced by the plasma head. The produced O-species in
the plasma (e.g. O-radicals and probably O3) react with the previously absorbed precursor
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molecules, combusting the hydro-carbon ligands of the TTIP molecule (ligands). A TiO2 monolayer
is formed and reactive surface sites are created on which the TTIP molecules chemisorb in the next
half-cycle.
(d) The produced byproducts are removed through the exhaust by a combination of the N2/O2 flow
with exhaust flow, which completes the ALD-cycle. In an ideal situation only one TiO2 monolayer
is formed in one ALD-cycle. The next ALD-cycle is initiated by shifting the precursor head again
over the substrate, the TTIP molecules absorb at the previously oxidized surface sites.

Figure 15: Schematic representation of one ALD cycle in the µ-Plasma assisted ALD setup. The substrate is located at a fixed
position, while it is alternatively exposed to precursor and O2-plasma, through the alternate shifting of the two heads over the
substrate.

Figure 16: Schematic representation of chemical reactions in one ALD-cycle of TiO2 in the µPP ALD setup. (a) The substrate is
exposed to the TTIP precursor in the first half-cycle, by shifting the precursor head over the sample’s surface. The TTIP
molecules absorb at the surface, in a self-limiting manner due to the limited amount of available surface sites. (b) The
precursor head is shifted away from the surface, while the plasma head approaches the surface. Residual precursor molecules
and byproducts are removed through the exhaust. (c) The second half-cycle starts by exposing the surface to O2-plasma. The
produced species (e.g. O-radicals) react chemically with the hydro-carbon ligands of the absorbed TTIP molecules. A TiO2
monolayer is formed and reactive surface sites are created. (d) Residual species and created byproducts are removed through
the exhaust. The next ALD-cycle is initiated by shifting the precursor head again over the substrate’s surface.
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A schematic view of the µPP ALD setup is shown in Figure 17. The temperatures were kept the same
as in the PE-CVD setup (see section 3.2.1), because the temperatures used in other reported ALD
processes of TiO2 with TTIP as precursor vary between room temperature and a few hundred degrees
33,34,35
. The TTIP precursor flow was 25 sccm, which was guided to the precursor dosing head, while 10
sccm O2 was guided to the plasma print head. The outlet channels from plasma print head and
precursor head were connected to vacuum pump and the exhaust flow was controlled by a needle
valve and a MFC. The gas curtain system was fed with 2 slm of N2. The precursor lines and dosing head
were purged before and after deposition for 1 hour with 200 sccm N2 flow.

Figure 17: Schematic representation of the µPP ALD setup. The TTIP precursor was guided to the precursor dosing head (25
sccm), O2 (10 sccm) to the plasma print head, while the gas curtain system was fed with 2 slm N2. The temperatures were the
same as in the PE-CVD experiments. Substrate was positioned at a fixed location on the substrate table while alternatively
exposed to the precursor and oxidant pulses.

The amount of precursor exposure and purge time per ALD-cycle is depending on the motion speed of
the print-stage, which is variable between 10 and 60 mm/s. The precursor exposure and purge time as
function of motion speed are shown in Table 2. The precursor exposure is variable between 315 and
1900 ms, while the purge time between 650 and 3900 ms, for the present setup. Extra purge time was
added, by moving the plasma head over the substrate without plasma ignition, which is defined as
“Extra purge time” in this work. It is worth mentioning that the precursor exposure time also depends
on the length of the dosing head. Since the duration of plasma cannot be changed in every plasma PR,
the plasma exposure time was controlled by the number of plasma PR in every ALD-cycle. In one PR,
every dot on the substrate is exposed to plasma for approximately 400 µs (Figure 8b) 32. Therefore the
plasma exposure time can be increased by discrete steps of 400 µs, by increasing the number of plasma
PR per ALD-cycle. Other spatial ALD systems are mainly operated with a deposition head with separate
fixed gas regions (e.g. Figure 50, Appendix A). Therefore the dosing and purge times are dependent to
each other and are limited by the motion speed or rotation speed 36,37,38,39. The motion speed is
adapted when an increase/decrease of precursor/reactant exposure time is required, which also
affects the other steps in the ALD process. However in the µPP ALD setup, the precursor and plasma
exposure times and purge time can be varied independently.
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Table 2: Precursor exposure and purge time (between every plasma and precursor exposure step) as function of motion speed
of the print-stage.

Motion speed
(mm/s)
10
20
30
40
50
60

Precursor exposure
time (ms)
1900
950
630
475
380
315

Purge time
(ms)
3900
1950
1300
975
780
650

Sample preparation and deposition settings
Two different types of substrates were used for the PE-CVD experiments:



Pre-cleaned Silicate-glass microscope slides (76x26x1 mm) from Thermo Scientific MenzelGläser.
P-type Si (100) wafer with native oxide.

The ALD experiments were only performed on p-type Si (100) wafer with native oxide. The deposited
area was approximately 0.5 cm² for all samples, large enough for all necessary characterization
methods, unless otherwise specified. The applied voltage was 5.8 kVPP for all depositions. The distance
between consecutive plasma dots was set at 90 µm in the µPP software for all PE-CVD experiments,
while 270 µm for all ALD experiments, unless otherwise specified. The samples used for determination
of the patterning resolution were all deposited with 270 µm between consecutive plasma dots (PECVD and plasma-assisted ALD).

Model system: deposition of metal-oxide thin film
In this work the possibility to deposit metal-oxide thin films with the µPP as plasma source is
investigated. An abundance of different metal oxides can be formed, one is titanium dioxide (TiO 2),
which was already extensively studied by the PMP-research group 37. Therefore TiO2 was chosen as a
material to demonstrate the possibility of depositing metal oxides thin films with the µPP. A large
variety of different titanium precursors are on the market. The most popularly used Ti precursors for
CVD and ALD processes are: Titanium (IV) tetra-isopropoxide (TTIP) 40,41,35; Titanium (IV) chloride (TiCl4)
42,34,43
; Tetrakis(dimethylamino)titanium(IV) (TDMAT) 44; Titanium(IV) oxyacetylacetonate; etc.
However, TTIP and TiCl4 are predominantly used.
TiCl4 is characterized by a high vapour pressure (12.4 Torr at 25°C) and reaction of TiCl4 with H2O leads
to the production of toxic by-products (i.e. HCl). The vapour pressure of TTIP is 0.13 Torr at 25°C, which
is lower than TiCl4 but higher than other alkoxides Ti precursors. TTIP was chosen as Ti precursor for
the experiments, because of several reasons: widely studied in other deposition processes (also from
PMP research group 37,33), non-toxic by-products, used in both CVD and ALD – processes, limited
reactivity at room temperature and TTIP is inexpensive.
The chemical formula of TTIP is Ti{OCH(CH3)2}4 and the structural formula is presented in Figure 18a.
TTIP is a symmetrical tetrahedral molecule, consisting of a central titanium atom with four bonded
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oxygen atoms and a propyl-group to each oxygen atom. The melting and boiling points of TTIP are 17°C
and 232°C, respectively, with a flash point of 45°C. As for other precursors, the vapour pressure
increases with increasing temperature, as shown Figure 18b.

Figure 18: (a) structural formula of TTIP. TTIP is a symmetrical tetrahedral molecule consisting of a central titanium atom with
four bonded oxygen atoms and a propyl group to each oxygen atom. (b) Vapour pressure (Torr) as function of temperature.
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3.3 Characterization methods
3.3.1 Spectroscopic Ellipsometry (SE)
In this work the ex-situ Woollam M2000 Multi-Angle Spectroscopic Ellipsometer (SE) was used to
determine the thickness and refractive index (RI) of the deposited TiO2 thin films. SE is a noncontact/non-destructive optical diagnostic technique, based on the change of polarization state when
linearly polarized light is reflected or transmitted at a material (Figure 19). Linearly polarized light is
reflected at the sample’s surface and because of the structural and electrical properties of the layers,
the polarization state changes 12. The change in polarization state is measured by a detector, both for
parallel (p) and perpendicular (s) to the plane of incidence, for a specific photon energy range. The
change in polarization state is expressed by the two parameters delta (Δ) and psi (Ψ), which are
measured as a function of wavelength (λ) of the light. The parameter Δ is the phase difference between
the initial and the reflected beam and the parameter Ψ is the ratio between the reflected amplitudes
45
.

Figure 19: Basic principle of spectroscopic ellipsometry (SE) 12.

In this report both parameters Δ and Ψ were measured as a function of wavelength at three different
angles (65°, 70° and 75°), to increase the accuracy of the measurement. The experimental data was
modelled with two different optical fit models: Cauchy and Tauclor, in order to determine the TiO2 film
thickness and RI, respectively. The signal below a wavelength of 350 nm was excluded in the Cauchy
model, since TiO2 is not optically transparent below this wavelength region 46. The reported film
thickness was determined by averaging three different measurement points on a TiO2 sample, the
corresponding standard deviation was used as the measurement error.

30

3.3.2 X-Ray Photoelectron Spectroscopy
XPS is a widely used ex-situ diagnostic technique to investigate the chemical and/or electronic states
and the chemical composition of a material 47,45. XPS is based on measuring the binding energy of the
elements in the film. A schematic view of the working principle of XPS is presented in Figure 20. A
mono-energetic X-ray source (Al Kα) is used to irradiate high energetic photons on the material under
investigation. The target material consequently emits a core electron and the kinetic energy (EKin) of
the emitted electron is measured by the spectrometer (Thermo Scientific K-Alpha spectrometer). The
spectrometer is placed perpendicular to the substrate while the X-ray source is placed at an angle of
65° 48. The electron’s kinetic energy depends on the binding energy of the electron to the nucleus (EB),
the X-Ray photon energy of the source (ℎ𝑣) and on the spectrometer work function 𝜑𝑠𝑝𝑒𝑐., according
to Eq. 4:

𝐸𝑘𝑖𝑛=ℎ𝑣−𝐸𝐵−𝜑𝑠𝑝𝑒c

(4)

The spectrometer work function is determined by calibration of the spectrometer and the photon
energy is known and constant, since the X-rays are mono-energetic. Hence measuring the kinetic
energy of the emitted electron, is indirectly a measurement of the binding energy of the electron to
the nucleus. The detected electron signals are counted and plotted in a spectrum.

Figure 20: Schematic of working principle of XPS 47. High energetic photons (X-rays) are irradiated at a sample’s surface,
causing emission of core electrons. The emitted electrons are detected by the spectrometer and used to determine the
chemical composition of the material under investigation.

A XPS spectrum shows the counts per second of the detected electron signal as a function of binding
energy in eV, which is in principle a distribution of the detected binding energies. Therefore a XPS
spectrum shows the abundance of binding energies present in the material under investigation. Since
each atomic element is characterized by a discrete set of electronic states, due to different quantum
states, each element is characterized by a specific set of XPS intensity peaks. Therefore comparing the
detected XPS spectrum with a known database, enables the possibility to determine the elements and
chemical states present in the material. However analysis of a XPS spectrum can be a complex problem,
since multiple peaks can be broadened and even overlap 47. Therefore the spectrum has to be
deconvoluted into separate peaks. Peak broadening can occur due to influence of the material on the
kinetic energy of the emitted electrons. Moreover the emission of electrons out the substrate results
in a positively charged surface, which affects the electron’s kinetic energy 12. The elemental
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concentration of the material is determined by integrating the corresponding peaks, which requires
the application of sensitivity factors used to scale the distribution peaks 47.
Since electrons have a limited escape depth out of a material, a XPS measurement is limited to
information about the top 10 nm layer of the film 48. However the XPS system is equipped with an Arion gun, enabling depth profiling by sputtering the material under investigation and thereby etch some
material away. Ion energies between 100 eV and 3 keV are possible with the used XPS system. In this
work the substrates were measured as-deposited and after 60 seconds sputtering with a 500 eV Ar+
ion beam. An additional benefit of the sputtering step is the removal of hydrocarbon surface
contamination of the deposited film. However sputtering can lead to positive charge accumulation at
the substrate due to the positively charged Ar+ ions and some elements can be sputtered more than
others, known as preferential sputtering 47.

XPS line-scan:
The patterning resolution of the µPP was determined by means of XPS line-scan, the mechanism is
presented in Figure 21. Multiple XPS measurements were performed on different locations on the
sample, equally spaced by 60 µm. The result is a spectrum showing the elemental concentration of the
material as a function of distance, which enables the possibility to determine the line-width of a
deposition. A proof of concept can be found in Appendix D.

Figure 21: Schematic representation of XPS line-scan. Multiple XPS measurements are performed equally spaced by 60 µm.
The result is a spectrum showing the elemental concentration as function of distance.
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3.3.3 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is used to study the surface morphology and roughness of the
deposited TiO2 films. With AFM, 3D images of both conducting and insulating surfaces can be made
with a precision up to atomic level 49. A schematic of the working principle of AFM is presented in
Figure 22. A sharp tip with a specific spring constant k is mounted in a cantilever, which oscillates at its
resonance frequency. The cantilever tip is brought in close proximity with the surface, where various
attractive and repulsive forces between the tip and surface, for example Van Der Waals forces, dipole
forces, etc. influence the resonance frequency 49. Leading to a deflection of the cantilever tip, which is
monitored by a laser beam pointed at the tip. The laser beam is reflected towards a segmented
photodiode and the deflection of the cantilever tip can be determined by the photocurrent detected
in each part of the photodiode. The relative photocurrent is consequently transformed in a voltage
signal, proportional to a distance 49.
AFM can be operated in different modes: contact/non-contact mode and a semi-contact mode or
tapping mode 49,50. In this thesis the Nova NT-MDT Solver AFM system was used in tapping mode. In
tapping mode, the tip oscillates close or at its resonance frequency by using a small piezoelectric
element, while the tip starts tapping the surface. The resonance frequency and amplitude of the
oscillation is thereby affected and the amplitude is kept constant through an integrated feedback
system by adapting the distance between cantilever tip and sample’s surface 49.

Figure 22: Schematic representation of Atomic Force Microscopy (AFM) in tapping or non-contact mode.45
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3.3.4 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a high resolution microscopy technique. The resolution of an
optical microscope is limited by the wavelength of the light source and therefore limited to
approximately 200 nm 51. However radiation with a shorter wavelength can increase the resolution
significantly, which is done in SEM, by using a focused beam of energetic electrons. The electrons are
accelerated and focused onto a sample’s surface and interact with the atoms in the sample, leading to
various scattering events. The electron beam scans the sample’s surface in two dimensions and
information about the composition and surface topography can be obtained by detecting and
analyzing the scattered signals.
The electrons can either be elastically or inelastically scattered. In an elastic scattering event, the
primary electron (PE), typically a high-energy electron, interacts with the nucleus of the atom. The PE
loses a small part of its energy and is reflected or back-scattered. The elastically scattered electrons
are referred to as back-scattered electrons (BSEs). Heavier elements in the sample scatter more
electrons than lighter elements, leading to a difference in detected electron density. Therefore
different film layers can be visualized by detecting the BSEs 49,52. In an inelastic scattering event, the
energy of the PE is almost completely transferred to the atom, resulting in the emission of secondary
low-energy electrons. The amount of detected secondary electrons depends on the angle of incidence
of the PE beam with the sample’s surface, leading to a contrast difference between flat and steep
surfaces. Therefore topography images of the sample’s surface can be made by detecting the
secondary electrons 52. However the PE can kick out an inner shell electron, resulting in the formation
of an open vacancy, which will be filled by a higher orbital electron and a small amount of energy is
released in the form of a photon or X-ray. However the energy can also be transferred to an outer
orbital electron, resulting in an ejected electron, known as an Auger electron 52.
Different detectors are required to detect and analyze the different types of scattering signals. The
electron acceleration energy of the primary beam together with the beam spot size determine the
resolution of the SEM, which can be better than 1 nm 49. SEM is operated at high-vacuum. In this work
the Zeiss Sigma SEM was used.
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3.3.5 Raman Spectroscopy
Raman spectroscopy is used to determine vibrational and rotational modes in a system, by inelastic
scattering of monochromatic light on a sample’s surface. The monochromatic light interacts with the
atoms and molecules in the target material, causing vibrations (phonons) in the molecules and thereby
promoting the vibrational energy state of the molecule to a higher state. The new energy state is a
virtual temporarily state and relaxes consequently to a stable stationary state by the emission of a
photon 53. The light is elastically scattered if the frequency of the initial and the emitted photon is the
same, the type of scattering is known as Rayleigh scattering 54.
However when the frequency and therefore the energy of the emitted photon is different from the
initial photon, the light inelastically scattered and known as Raman scattering. The frequency of the
emitted photon can shift lower or higher than the initial frequency. When the frequency is lower, the
photon transferred energy to the lattice vibrations and a phonon is created. The downward shift in
frequency is known as the Stokes shift. The opposite, when the frequency is higher, the photon gained
energy from the lattice vibrations and a phonon is destroyed. The upward shift in frequency is known
as the anti-Stokes shift 54. Both Stokes and anti-Stokes shifts are known as Raman shifts. In Raman
scattering, the energy shift between the initial and the emitted photon is the amount of energy of one
vibrational unit and therefore characteristic for each type of molecule 54.
All three situations are depicted in Figure 23. Anti-Stokes is rarely observed at room temperature since
most molecules are in their ground state at room temperature. The detected signals are plotted as a
function of Raman shift (cm-1) in a Raman spectrum. In this work the In-via Renishaw Raman
spectrometer with a laser of 514.5 nm was used.

Figure 23: Energy level scheme explaining the three different scattering events. In Rayleigh scattering, the photon frequency
of the emitted photon is the same as the initial photon and no energy is exchanged with the lattice vibrations. Raman
scattering is divided in Stokes and Anti-Stokes shift. In Stokes shift, energy is transferred from the initial photon to the lattice
vibrations and a phonon is created, resulting in a decreased photon frequency. While in Anti-Stokes, the opposite occurs and
a phonon is destroyed, resulting in an increased photon frequency.
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3.3.6 Rutherford Backscattering Spectrometry and Elastic Recoil Detection
Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil Detection (ERD) are ex-situ diagnostic
techniques, used to determine the absolute elemental composition and atomic areal density of the
material under investigation. Schematic representations of RBS and ERD are presented in Figure 24.
The fundamentals of both methods will be addressed, briefly, in this section. In RBS, a high energy (1.8
– 2.0 MeV) ion beam (He2+ or He+ ions) is directed perpendicular to a target sample. The positively
charged He+ ions cause elastic collisions with the heavier target atoms in the sample and are
backscattered. A rotational detector is placed at specific angles and measures the remaining kinetic
energy of the backscattered ions (Figure 24). The energy of the initial He+ ion, the energy of the
backscattered ion together with the scattering angle are used to determine the mass of the target
atom, by applying conservation of energy and momentum in an elastic scattering event 45. Since each
atomic element is characterized by a unique mass, the elemental composition of the target material
can be determined by RBS measurements. The energy loss of the initial He+ ions is dependent to the
density and composition of the target material and to the penetration depth of the ions in the target
material 47. Hence RBS can be used for depth profiling a material. Besides the elemental composition,
RBS can be used to determine the atomic areal density of the target atoms, Ns (atoms/cm²). Therefore
the probability for an elastic scattering event between an incoming He+ ion and the target atom has to
be taken into account. Assume Q is the number of incoming ions and QD the backscattered fraction of
Q in an angle 𝛺, than Ns can be determined according to Eq. 5:
𝑄𝐷 = 𝜎(𝜃)𝛺𝑁𝑠

(5)

in which 𝜎(𝜃) is the central-force Rutherford backscattering cross-section 45,55. Therefore by measuring
QD, the atomic areal density of the target atoms NS can be determined, since Q, (𝜃) and 𝛺 are known.
However RBS cannot be used to detect hydrogen atoms, since helium atoms are heavier than hydrogen
atoms and therefore no backscattering event occurs. A similar method as RBS can be used to detect
hydrogen, known as ERD. In ERD, the high energetic He+ ions are directed to the target sample at very
small incident angle (Figure 24), causing elastic recoil collisions and thereby kicking out the lighter
target atoms. The ejected particles are measured instead of the scattered He+ ions, by a detector
positioned at small incident angle with respect to the sample’s surface 47. The kinetic energy of the
ejected particle together with the scattering angle can be used to determine lighter particles 45.
In this work, RBS/ERD measurements were performed to determine the chemical composition, O/Ti
ratio and the atomic areal density (atoms/cm²) of the deposited TiO2 films. Moreover, the deposition
rate (atoms/nm².cycle), atomic density (atoms/cm³) and elemental mass density (g/cm³) was
calculated from the atomic areal density. The RBS/ERD measurements in this work have been
performed with by Detect99.
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Figure 24: Schematic representations of Elastic recoil detection (ERD) and Rutherford backscattering spectrometry (RBS). In
RBS, high energetic He+ ions are directed perpendicular to a sample’s surface, causing elastic collisions with heavier target
atoms and are consequently backscattered. The energy of the backscattered He + ions are measured by a rotational detector
and can be used, together with the scattering angle, to determine the mass of the target atoms. In ERD, the target sample is
positioned at very small incident angle with the He+ ion-beam, causing elastic recoil collisions with the lighter hydrogen atoms.
The energy of the ejected hydrogen atoms is consequently measured by a detector, which is placed at very small incident angle
with the sample’s surface.
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4. Results and Discussion
In this chapter the results are presented. In the first section the TiO2 films deposited by guiding the
vaporized TTIP precursor into the discharge volume (PE-CVD mode) are characterized. The possibility
to achieve an improvement in material quality, by the spatial separation of precursor and reactant gas
(Plasma-assisted ALD mode) is investigated in the second section. The TiO2 films deposited by the two
processes are compared in terms of growth behavior, chemical composition, surface morphology and
printing resolution. During analyses of the TiO2 films on glass substrate, crystallized particles were
observed which are discussed in the last section of this chapter.

4.1 PE-CVD of TiO2 thin films
The depositions were performed on glass (dielectric) and Si (conductive) substrates. The growth rate
of the TiO2 layers are reported in the first section, followed by the chemical analysis by XPS in the
second section. The high resolution Ti2p, O1s, N1s and C1s peaks are studied in more detail. The
morphology and surface roughness of the films are discussed in the third section. The patterning
resolution of the µPP in PE-CVD mode is investigated by means of XPS line-scan in the last section.

4.1.1 Growth rate
The film thickness as a function of plasma PR (i.e. plasma exposure time), is presented in Figure 25.
The results are shown for films deposited on glass substrates, with and without adding 10 sccm oxygen
to the gas mixture and on Si substrate without oxygen to the gas mixture. Due to the limitation in
system design, no oxygen could be added to the gas mixture when Si was used as the substrate. The
applied voltage was 5.8 kVPP and remained the same during all experiments. It can be seen that in all
three conditions the growth rate changes linearly with increasing the number of plasma PR. The growth
rate was calculated from the slope of the linear fit and is reported in Table 3. The growth rate on the
glass substrate decreased from 2.3 to 2.0 nm/PR after adding oxygen to the gas mixture.

Table 3: Growth rates for PE-CVD deposited TiO2 films on glass substrate with and without 10 sccm O2 to the gas
mixture and on Si substrate.

Substrate

Gas mixture

Growth rate
(nm/PR)

Growth rate
(nm/ms)

Glass
Glass
Si

25 sccm TTIP; 0 sccm O2
25 sccm TTIP; 10 sccm O2
53 sccm TTIP

2.3 ± 0.2
2.0 ± 0.2
1.3 ± 0.2

5.7 ± 0.5
5.0 ± 0.5
3.25 ± 0.5

The growth rate on Si substrate was lower than the growth rate on glass substrate. An extra dielectric
layer is required when plasma printing is performed on a conductive substrate, hence the distance
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between the high voltage substrate table and the needle electrodes increased, compared to the setup
for dielectric substrates (Figure 9). Moreover, the gas flow and pump speed were different in the two
configurations. Therefore the difference in growth rate is most likely explained by the difference in
configurations which were used for PE-CVD. Significantly smaller growth rates in the range of 0.3 –
0.34 nm/s were reported in other DBD-CVD processes of TiO2 with TTIP as precursor57,58. However the
used setups were planar DBD configurations and therefore difficult to compare with the µPP setup.
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Figure 25: Thickness (nm) of TiO2 films as function of plasma print repeats (PR) and plasma exposure time (ms). Depositions
were performed on glass substrates with only TTIP to the gas mixture (black), with TTIP and 10 sccm O 2 (red), and on Si
substrate (blue) with only TTIP to the gas mixture. The applied voltage was 5.8 kVPP for all the experiments.

4.1.2 Chemical and optical properties
XPS measurements were carried out to determine the chemical composition of the TiO2 films. XPS
measurements were performed on as-deposited films and after sputtering with Ar+ ions. The
sputtering step was performed to obtain information about the chemical composition in the bulk of
the deposited TiO2 film (i.e. without influence of hydrocarbon surface contamination). The result of
XPS measurements on TiO2 samples deposited on glass substrate with and without adding O2 to the
deposition gas mixture and on Si substrate are presented in Table 4. TiO2 films contained carbon and
nitrogen as impurities.
The O/Ti ratio varied between 2.60 and 2.15 without sputtering, by changing the deposition conditions
(Table 4), suggesting a layer over-stoichiometry. It is expected that the presence of OH-groups are the
reason for the over-stoichiometry. The O/Ti ratio varied between 2.07 and 1.89 after sputtering, by
changing the deposition conditions. However this ratio might be affected by the sputtering step
(section 3.3.2). All elemental concentrations reported in the following are bulk values, determined
after sputtering. As it has already been discussed, the O-related plasma species, e.g. O- and OH radicals,
react with the isopropyl ligands of TTIP molecule leading to formation of volatile byproducts (e.g. CO2,
H2O, etc.) and a less carbon- containing TiO2 film (Table 4). The amount of nitrogen in the films
deposited on glass substrate decreased from 3.4 to 1.7 % by increasing the O2 flow from 0 to 10 sccm.
Nitrogen was used as the carrier gas and for the gas curtain system. OES measurements were
performed to identify the active species in the plasma, the spectra can be found in appendix E.
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However, atomic nitrogen could not be detected with the used OES system, since the system was
limited to a minimum detection wavelength of 200 nm (a vacuum UV system is required to detect
wavelengths lower than 200 nm) and the dominant atomic nitrogen peaks are located at 149 and 174
nm 59. Moreover, NH* and N2* are located at 336 and 337 nm, respectively60. However, it was not
possible to distinguish the two peaks due to the resolution of the used OES system. Nonetheless N2+
species (391 nm61) were detected which require an energy of 15.5 eV 28, significantly larger than the
amount of energy required to dissociate a N2-molecule (9.7 eV)28. Therefore the presence of atomic
nitrogen in the plasma is expected. The amount of nitrogen decreases by increasing O2 flow, which is
explained by the positive electron affinity of oxygen. Atoms and molecules with positive electron
affinities have the tendency to acquire an electron and form negative ions, which results in a
corresponding decrease in electron density in the plasma 28. Therefore, presence of oxygen in the gas
mixture can reduce the production of atomic nitrogen.
The carbon and nitrogen content in the TiO2 films on Si substrate was measured between 7.5 and 0.5%
respectively, which were lower than the amount of carbon and nitrogen in TiO2 films deposited on the
glass substrate. The following hypothesis is put forward to explain the lower amount of nitrogen in
TiO2 films on Si substrate. The average electric field strength of the plasma on conductive substrates is
lower than on dielectric substrates with the same applied voltage, due to the larger distance between
the high voltage substrate table and the needle electrodes (Figure 9). The decreased electric field
strength results in a decreased plasma energy density on conductive substrates and presumably to a
reduced production rate of atomic nitrogen. This hypothesis could also explain the lower growth rate
on Si substrates in comparison with glass substrates (section 4.1.1). Significantly lower amounts of
carbon were reported in 62,63,64. In a recent study by Battiston et al62, TiO2 films were deposited with a
low pressure PE-CVD setup with N2/O2/TTIP gas mixture at substrate temperatures between 100 and
250°C and Si as substrate. They reported a carbon content lower than 3%. While in a recent study by
Gazal et al64, TiO2 films were deposited on Si substrate with a PE-CVD µ-wave torch at atmospheric
pressure, argon as carrier gas and substrate temperature between 50 and 200°C. They reported a
carbon content less than 4%. An overview of other reported CVD systems and the corresponding
properties can be found in Table 10 (Appendix F).
Table 4: Chemical composition of the TiO2 films deposited on glass and Si substrates, determined by XPS. Measurements were
performed on as-deposited and after 60 seconds of sputtering with 500 eV Ar+ ion beam. All samples were deposited with an
applied voltage of 5.8 kVPP and 25 plasma PR.

As-deposited (%) ± 1.0
Condition

Substr
ate

25 sccm
TTIP; 0
sccm O2
25 sccm
TTIP; 5
sccm O2
25 sccm
TTIP; 10
sccm O2
53 sccm
TTIP; 0
sccm O2

Glass

± 0.1

After sputtering (%) ± 1.0

± 0.1

Ti

O

C

N

O/Ti

Ti

O

C

N

O/Ti

18.6

48.3

29.0

4.1

2.60

28.0

57.8

10.8

3.4

2.07

19.2

48.2

31.4

1.2

2.50

30.3

61.2

6.8

1.7

2.02

20.3

52.2

24.2

3.1

2.57

31

62.4

4.9

1.7

2.01

25.0

53.6

20.0

1.3

2.15

31.8

60.2

7.5

0.5

1.89

Glass

Glass

Si
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Figure 26: High resolution XPS spectra of the titanium Ti2p peak in as-deposited films on glass (red) and Si (black) substrates.

High resolution XPS spectra of titanium Ti2p, oxygen O1s, nitrogen N1s and carbon C1s peaks were
recorded and used to determine the elemental concentration (Table 4) and the chemical environment
of the atoms. The high resolution titanium Ti2p peak is presented in Figure 26. Two peaks are observed,
at a binding energy values of 459 and 465 eV. The peak at 459 eV represents the spin orbit Ti2p3/2
65,66,67,63,68
, while the peak at 465 eV represents the Ti2p1/2 spin orbit 65,69,70,71. Both spin orbits
correspond to the Ti4+ oxidation state in TiO2 72 and no other peaks are observed, indicating that Ti4+ is
the dominant oxidation state of titanium in the film. The Ti2p peak is reported for as-deposited
samples because sputtering with Ar+ ions leads to a change in the oxidation state of Ti from Ti4+ to Ti3+
or even lower 37,73,74,75. The Ti2p peak of the film deposited on glass substrate is shifted by 0.6 eV to
lower binding energies, which can be explained by the influence of titanium bound to nitrogen in TiN
bonds76.
The high resolution O1s spectra and the corresponding deconvolution is shown in Figure 27a. The peak
with the highest intensity at 530.7 eV corresponds to Ti-O bond 67,72,77 and the peak at 532 eV can be
assigned to C-O, C=O 71,72 and N-TiO2 70,78 bonds. However the Ti2p peak shift suggests the presence of
N-TiO2 bonds in TiO2 film deposited on glass substrate and not on Si substrate. Therefore the 532 eV
peak can be predominantly attributed to C-O and C=O bonds.
The nitrogen N1s spectra of the as-deposited films and the corresponding deconvolution is presented
in Figure 27b. The N1s peak of the film on glass substrate can be deconvoluted to two peaks at 400
and 401.9 eV. The peak at 400 eV can be attributed to anionic N- species in O-Ti-N bonds 70,78,
chemisorbed N2 molecules and NOx species 71,72. Since the N-TiO2 bond was also observed in the O1s
spectra at 532 eV, the peak at 400 eV can be predominantly attributed to anionic N- species in O-Ti-N
bonds 78. The second peak at 401.9 eV is significantly lower and can be assigned to N species in Ti-O-N
bonds 70,78. As it can be seen in Figure 27b, the intensity of the N1s peak for the film deposited on Si
substrate was considerably lower and the peak position was at 401 eV, which can be attributed to
absorbed N, NO and NO2 species70.
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Figure 27: High resolution XPS spectra of (a) oxygen O1s and (b) nitrogen N1s peaks. The spectra were recorded on asdeposited PE-CVD films on glass and Si substrates.
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Figure 28: High resolution C1s XPS spectra of the PE-CVD films recorded after sputtering on glass and Si substrates.

The carbon C1s spectra of the films deposited on glass and Si substrates are shown in Figure 28. The
peak at 289.6 eV can be assigned to C-species in O=C-O and O=C-N groups 69,76. The large intensity
difference between the peak in films deposited on Si and glass substrate is explained by the lower
amount of nitrogen in TiO2 films deposited on Si substrate, as was shown in Table 4. The peak at 286.6
eV attributes to C-O and C-N bonds 37,76,79, while the peak at 285 eV can be assigned to C-C and C-H
bonds 67,77,76,80. The peak at 282.9 eV is most likely formed due to sputtering during XPS measurement
81
and can be assigned to C-species bonded in CO-Ti groups80,82. Other works also reported Ti-C bonds
at 282 eV after sputtering, however no peak at 282 is observed in our measurements 37,83.
The RI (at 632.8 nm) of the TiO2 layer was measured by SE adopting the Cauchy function. The value of
RI was 1.81 for a 50 nm thick TiO2 film. A similar value of RI (1.8 – 2.1) was reported in 62, where TiO2
films were deposited in a low pressure PE-CVD setup with TTIP as precursor and substrate temperature
between 120 and 250°C. However, high density amorphous TiO2 films are characterized by a RI
between 2.1 – 2.3 34,63, which suggests that the mass density of the deposited TiO2 films in this work is
rather low.
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In conclusion, XPS measurements showed carbon and nitrogen as impurities in the deposited TiO2
films. The lowest amount of carbon measured was 4.9%, when glass was used as substrate. In case of
Si substrate, the carbon content was measured to be 7.5%, which is significantly higher than reported
in other PE-CVD processes with Si as substrate and TTIP as precursor 62,63,64. Moreover, the RI is in
general relatively low compared with other PE-CVD processes (Table 10).

4.1.3 Morphology and surface roughness
The morphology and surface roughness of the TiO2 films deposited by PE-CVD on glass and Si substrates
are presented in this section. Figure 29 presents SEM images of PE-CVD TiO2 films deposited on glass
substrate with only TTIP (Figure 29a) and TTIP and 10 sccm O2 (Figure 29b) to the gas mixture. As it can
be seen from the images, the films were amorphous (as confirmed by Raman spectroscopy) and the
surface is composed of agglomerated particles and the size of the particles decreased upon adding
oxygen to the gas mixture. The average feature size and number of them are reported in Table 5,
averaged over three images. AFM images of PE-CVD TiO2 films deposited on glass substrate, with and
without 10 sccm O2 to the gas mixture and on Si substrate are shown in Figure 30. The root mean
square (RMS) roughness was 11 nm when only TTIP was used (Figure 30a) and decreased to 4 nm upon
adding oxygen to the gas mixture (Figure 30b). The surface of TiO2 film on Si substrate (c) was smooth
with RMS value of 0.25 nm. The same RMS value was measured for a pristine Si substrate with native
oxide. Figure 31 shows SEM images of TiO2 film on Si substrate (Figure 31a) and a cross-sectional SEM
image (Figure 31b). The images showed a smooth and uniform surface. Similar values of RMS roughness
were reported in 57,68. In 57 TiO2 films were deposited on a glass substrate in an atmospheric pressure
DBD-CVD setup with TTIP as precursor, they reported a RMS roughness between 10 and 21 nm (scan
size 10 x 10 µm). While in 68 TiO2 films were deposited on Si substrate by a hydrolytic CVD setup at
atmospheric pressure and room temperature with TTIP as precursor, a RMS value of 0.28 nm (scan size
0.5 x 0.5 and 10 x 10 µm²) was reported.
Table 5: Average particle size, number and RMS roughness for TiO2 films deposited on glass substrate with and without O2 to
the gas mixture and on Si substrate.

Substrate – gas mixture
Glass – 25 sccm TTIP
Glass – 25 sccm TTIP;
10 sccm O2
Si – 53 sccm TTIP

Average particle size
(nm²)
1004 ± 386
377 ± 179

Average particle
number / µm²
243 ± 103
223 ± 116

RMS surface
roughness
11 ± 1 nm
4 ± 0.5 nm

/

/

0.25 nm
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Figure 29: SEM images of PE-CVD TiO2 films deposited on glass substrate with (a) only TTIP and (b) TTIP and 10 sccm O2 to the
gas mixture with VPP = 5.8 kV and 30 plasma PR. Due to dielectric nature of TiO2 films, 5 nm Au/Pd was sputtered on the sample
before SEM imaging.

Figure 30: AFM images of PE-CVD TiO2 films deposited on glass substrate with (a) only TTIP (b) TTIP and 10 sccm O 2 to the gas
mixture and on (c) Si substrate. AFM scan area was 1 x 1 µm². Samples were made with VPP = 5.8 kV and 30 plasma PR.

The large difference in the surface roughness of the TiO2 films deposited on glass and Si substrates can
be explained by the difference in the charge distributions on the surface in DBDs. Figure 32 shows the
distribution of induced and deposited charges on metal electrode and dielectric surfaces in a planar
DBD system 17. Charges are deposited on the dielectric surface upon discharge ignition. It was shown
that the charge distribution on the surface of dielectric is non-uniform, due to the filamentary
discharges in DBDs 17,84. The deposited charges on the dielectric surface lead to the induction of charges
in the opposing electrode. The induced charges are uniformly distributed along the surface 17. We
hypothesize that the TiO2 layers deposited on glass, where the glass serves as the dielectric of the DBD
configuration (Figure 13) are influenced by the non-uniform surface charges and therefore rough
surfaces with RMS value between 4 and 11 nm were observed. On the other side, a smooth surface with
RMS value of 0.25 nm was observed when TiO2 films were deposited on Si substrate. As it was described
in section 3.1, a dielectric layer was placed between the electrode and Si substrate. Since the Si
substrate is conductive, the induced charge is distributed uniformly along the surface of Si and
therefore the TiO2 layer on Si substrate is not affected by the non-uniform charge distribution on the
dielectric surface.
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Figure 31: (a) SEM image of PE-CVD TiO2 film deposited on Si substrate and (b) corresponding cross-sectional SEM image.
Samples were made with VPP = 5.8 kV, 30 plasma PR. Due to dielectric nature of TiO2 films, 5 nm Au/Pd was sputtered on the
sample before SEM imaging.

Figure 32: Schematic view of the distribution of deposited surface charges on dielectric substrate and the corresponding
induced charges in opposing electrode in a planar DBD system. The induced charges are distributed more uniformly along the
surface, leading to a more uniform electric field near the opposing electrode than near the dielectric layer. Taken from 17.

4.1.4 Printing resolution of the µPP in PE-CVD mode
The printing resolution of the µPP in PE-CVD mode was studied by XPS line-scan and is presented in
this section. In order to determine the resolution in PE-CVD mode, TiO2 was deposited on Si substrate
in form of a line by surface activation with just one needle electrode. A distance of 270 µm between
consecutive plasma dots was used (section 3.1). The line is expected to be the smallest TiO2 feature
that can be deposited. Atomic % of Ti, O, C and Si elements were measured by performing XPS linescan perpendicular to the deposited TiO2 line. Details of XPS line-scan can be found in section 3.3.2.
Figure 33 shows the atomic % of the elements as a function of distance perpendicular to the deposition
line. The TiO2 line is characterized by the positions with highest concentration of Ti and O and
decreased concentration of Si. In an ideal situation, Ti is not expected to be present out of the
deposition area, but 9% of Ti was still detected in the vicinity areas. Probable explanations are:
diffusion of active TTIP molecules which are generated in the plasma 38, contribution of moisture from
the environment, condensation of TTIP molecules on the surface, etc. The resolution is described as

47

the distance between the points at full width half max (FWHM) of the corresponding Ti, O and Si signals
in Figure 33, resulting in a resolution of approximately 1600 µm for a 20 plasma PR TiO2 line.
It is expected that the printing resolution depends on the stability of the plasma. The TTIP precursor
concentration is determined by the N2 carrier flow through the TTIP bubbler and is expected to change
by changing the N2 flow. It is worth mentioning that the N2 flow through TTIP bubbler for depositing
the TiO2 line (1 needle electrode) remained the same as the flow for depositing previous larger area
samples (with multiple needle electrodes), due to limitations in the current setup. Therefore it is
expected that the concentration of TTIP molecules in the discharge volume was too large for one single
needle electrode. A too large precursor concentration manifests in an occasionally very bright and/or
weak plasma and thereby influencing the line width of the deposition. It is also expected that the
printing resolution depends on the number of plasma PRs and more experiments should be performed.
The information from XPS analysis is limited to the top 10 nm of the layer due to the limited escape
depth of photoelectrons. The expected thickness of the TiO2 line was 27 nm (20 * 1.33 nm/PR),
however Si from substrate was detected in the deposited area, indicating that the layer thickness is
less than 10 nm. Hence the growth rate is affected by the number of activated needle electrodes during
discharge and the PE-CVD mode delivers no accurate thickness control for small area features.

Figure 33: Atomic % of Ti, O, Si and C as function of distance, determined by XPS line-scan. The resolution is described as the
distance between the points at FWHM of the corresponding Ti, O and Si signal, resulting in a resolution of approximately 1600
µm for a 20 plasma PR TiO2 line.

4.1.5 Conclusions: TiO2 deposited by PE-CVD mode
In this chapter it was shown that the µPP can be used as plasma source to deposit TiO2 films at
atmospheric pressure, by guiding vaporized TTIP precursor molecules to the discharge volume. The
µPP was never used before to deposit metal oxides thin films and numerous hardware modifications
were required, which are all described in Appendix B.
The films were deposited on dielectric (glass) and conductive (Si) substrates. The growth rate of TiO 2
films on glass substrate decreased from 2.3 to 2.0 nm/PR by the addition of O 2 to the gas mixture. A
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lower growth rate (1.33 nm/PR) was observed on Si substrate, which can be explained by the difference
in configuration (i.e. reduced average electric field strength).
A large difference in RMS roughness was observed between the TiO2 films deposited on glass and Si
substrates. The surface of TiO2 film on Si substrate was smooth with RMS value of 0.25 nm and
corresponding SEM images showed a smooth and uniform surface. The surface of TiO2 films on glass
substrate was rough and was composed of agglomerated particles and the size of the particles
decreased by adding O2 to the gas mixture. The same effect was visible in the corresponding AFM
images, the RMS roughness decreased from 11 to 4 nm by the addition of O2. The large difference in
roughness of films deposited on Si and glass substrates is explained by charge buildup on the dielectric
substrate upon discharge. The RI index was only measured for TiO2 film on Si substrate and was
measured 1.81 on a 50 nm thick film. The chemical composition was determined by XPS. The carbon
and nitrogen content in TiO2 film on glass substrate decreased from 10.7 to 4.9% and 3.4 to 1.7%,
respectively, by adding 10 sccm O2 to the gas mixture. The amount of carbon and nitrogen in films
deposited on Si substrate was measured 7.5 and 0.5%, respectively. Some recent works reported
significantly lower amounts of carbon in TiO2 films. Therefore the material quality of the TiO2 films
deposited in PE-CVD mode is not satisfying yet. Hence the question arises if the temporal/spatial
separation of precursor and oxidant exposures (i.e. ALD-mode) could lead to the improvement of the
material quality.
The patterning resolution of the µPP in PE-CVD mode was approximately 1600 µm for a 20 plasma PR
TiO2 line. It is worth mentioning that the growth rate was affected by the number of activated needle
electrodes, hence the PE-CVD mode provides no accurate thickness control for small area features.
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4.2 Plasma-assisted ALD of TiO2 thin films.
Since the deposition of TiO2 films in PE-CVD mode showed relatively large amount of carbon in the film
(7.5% in case of Si substrate) and a relatively low RI (Table 10), in this section we explore the
spatial/temporal separation of the substrate exposure to the precursor and oxidant. The µPP was
upgraded to a so-defined µ-plasma assisted ALD setup by integration of a precursor dosing
compartment at the print-stage. The design and modifications of the print-stage are described
extensively in section 3.2.2.
The saturation experiments in order to determine the ALD process development are described in
section 4.2.1. The chemical composition and impurity content of TiO2 ALD films were studied by XPS
and RBS/ERD and can be found in section 4.2.2. Section 4.2.3 describes the morphology and surface
roughness. The patterning resolution of the µPP, when operated in ALD mode, is investigated in section
4.2.4. The chapter is completed with a conclusion and comparison between both depositions modes
(i.e. PE-CVD and plasma-assisted ALD).

4.2.1 ALD process development
The basic principles and properties of ALD can be found in Appendix A. ALD is characterized by selflimiting surface reactions, ideally resulting in a constant growth per cycle (GPC) within a specific
process window. The required precursor and plasma exposure times and purge times to achieve selflimiting surface reactions depend on the substrate, precursor and oxidant. In order to establish the
ALD process of TiO2 on µPP tool, a set of saturation experiments were therefore performed.
In µPP ALD setup, the precursor exposure time can be changed between 315 and 1900 ms by varying
the motion speed of the printing head (Table 2). The deposition area was purged during the head
translation and the purging time for every TTIP exposure (i.e. motion speed) is reported in Table 2.
However extra purge time can be added, as already discussed in section 3.2.2. Thickness of the
deposited films were measured by ex-situ SE after 100 ALD cycles and the GPC was calculated.
Saturation curves were obtained by changing the precursor exposure and purge times (Figure 34a).
The GPC is not saturating by increasing the TTIP exposure time from 0 to 1900 ms, when no extra purge
time was used in between the TTIP and O2 plasma exposures. Insufficient purge in ALD process can
lead to incomplete removal of the unreacted species from the chamber (in the case of µPP, deposition
area). CVD reactions can therefore occur between unreacted precursor molecules and the gas
molecules from the next ALD half cycle, i.e. O-radicals, leading to higher GPC than a pure ALD process
85
. This effect was more visible when longer precursor exposure times (TTIP exposure time of 1900 ms)
were used, because the required purge time for longer precursor exposure times may be much higher.
The GPC decreased with increasing purge time and saturated at 0.145 nm/cycle with a TTIP exposure
time between 475 and 950 ms, when 30s of extra purge time was used (Figure 34a). However, the GPC
increased slightly (0.17 nm/cycle) when the TTIP exposure time was doubled (950-1900 ms), as a
consequence of insufficient purge for that long TTIP exposure times.
The influence of purge time on the GPC was further investigated, by depositing a set samples with fixed
precursor exposure time (475 ms) and increasing extra purge time from 0 to 30s. Figure 34b shows
that the GPC remains constant at 0.145 nm/cycle after 10s of extra purge time, when 475 ms of TTIP
exposure time per cycle was used. Most low temperature thermal ALD processes require longer purge
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times to achieve self-limiting surface reactions, however the required purge time in the µPP ALD-setup
is significantly reduced by using O2-plasma as oxidant and thereby highlighting the advantage of plasma
37
.
Hence the GPC at saturation is 0.145 nm/cycle, however a large variety of GPCs are reported in other
ALD processes of TiO2 with TTIP as precursor, varying between 0.05 and 0.19 nm/cycle 37,40,41,35,33. An
overview of other reported ALD processes of TiO2 and the corresponding properties can be found in
Appendix F. In a recent study by Theirich et al 40, TiO2 ALD films were deposited at atmospheric pressure
and room temperature with TTIP as precursor and O2 DBD-plasma as oxidant. It was shown that the
GPC increased with increasing TTIP exposure, however the purge time was 15s in all experiments and
probably not sufficient enough. A GPC of 0.16 nm/cycle was reported, consisting of 0.11 nm/cycle ALD
component and an additional parasitic CVD component of 0.05 nm/cycle due to reactions with residual
water in the system. While in 35, low pressure radical enhanced ALD of TiO2 with TTIP as precursor was
performed, a GPC of 0.19 nm/cycle was reported. Therefore the GPC achieved with the µPP ALD-setup
corresponds with values reported in the literature.

Figure 34: (a) GPC (nm/cycle) as function of precursor exposure time (ms) for three different extra purge times: black: 0s, red:
10s and blue: 30s. Plasma exposure time per ALD-cycle was 400 µs and VPP = 5.8 kV. (b) GPC (nm/cycle) as function of purge
time (s). Precursor exposure time per ALD-cycle was 475 ms, plasma exposure time 400 µs and V PP = 5.8 kV was used during
all the experiments. Note: Y-scale starts at 0.10 nm/cycle. The GPC was calculated after 100 ALD-cycles.

The required plasma exposure time to achieve self-limiting ALD reactions was determined, by
investigating the influence of the plasma exposure time on the GPC. As it was described in section
3.2.2, the plasma exposure time can be increased by discrete steps of 400 µs, by increasing the number
of plasma PR per ALD-cycle. A series samples was deposited with increasing number of plasma PR per
cycle from 1 to 10, all with 100 ALD-cycles, 475 ms precursor exposure and 0s extra purge time per
ALD-cycle. The GPC as function of plasma PR and plasma exposure time per ALD-cycle is presented in
Figure 35a. The GPC decreased from 0.18 nm/cycle when only one plasma PR/cycle was applied to 0.15
nm/cycle when more than three plasma PR were applied in each ALD-cycle. The decrease in GPC is
explained by the more efficient abstraction of the absorbed TTIP molecule hydrocarbon groups
(ligands) with increasing O2 plasma exposure time. However chemical analyses is required, which is
addressed in section 4.2.2.
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Figure 35: (a) GPC (nm/cycle) as function of plasma PR, i.e. plasma exposure time (ms) per ALD-cycle. The GPC was calculated
after 100 ALD-cycles. Precursor exposure time per ALD-cycle was 475 ms, no extra purge time and VPP = 5.8 kV. (b) Thickness
(nm) as function of number of ALD cycles. Precursor exposure time per ALD-cycle was 475 ms, plasma exposure time 400 µs,
no extra purge time and VPP = 5.8 kV was used during all the experiments.

The thickness of TiO2 films as a function of number of ALD cycles is shown in Figure 35b. The TiO2 layers
were deposited by 475 ms of TTIP exposure, one plasma PR (400 µs) and 0s of extra purge time in every
cycle. It shows that the growth was linear between 50 and 300 ALD cycles. It is worth mentioning that
the TiO2 layers in Figure 35b were not deposited under saturation conditions and therefore an
additional CVD component is present.
The ALD process development was determined in this section. It was shown that saturation of the
growth was achieved at 0.145 nm/cycle when 10s of extra purge time, 475 ms TTIP exposure time and
one plasma PR per ALD cycle were applied. The influence of plasma exposure time on the GPC was not
found to be a relevant parameter, while the precursor exposure and purge times are essential to be
controlled to achieve saturated processes at the surface.

4.2.2 Chemical and optical properties
The chemical composition, O/Ti ratio, mass density and deposition rate of the TiO2 ALD films was
investigated by means of XPS and RBS/ERD measurements. XPS measurements were performed after
sputtering with Ar+ ions. The influence of plasma exposure time, i.e. plasma PR per ALD-cycle on the
impurity content was determined by XPS measurements. The samples were deposited all with 100
ALD-cycles with 475 ms of precursor exposure, 0s extra purge time and increasing number of plasma
RP per ALD-cycle from one to ten. Table 6 shows that the amount of carbon and nitrogen in the films
decreases with increasing plasma exposure time. The amount of carbon in TiO2 film when only one
plasma PR was applied was 5.1% and decreased to less than 1% when more than 7 plasma PR/ALDcycle were applied. An increase in O2 plasma exposure leads to a more quantitative removal of the
hydrocarbon ligands of the absorbed TTIP molecules. The amount of nitrogen in the TiO2 films
decreased from 3.0 to 1.8% by increasing the plasma exposure time. The decrease in amount of carbon
in TiO2 films with increasing O2 plasma exposure time was also reported in a recent study by Aghaee
et al 37, where TiO2 films were deposited with a low pressure plasma-assisted ALD setup with TTIP as
precursor and O2 plasma as oxidant. They observed that the amount of carbon in the film decreased
from 5.0 to 0.5% by increasing O2 plasma exposure time from 500 ms to 5s. Similar carbon and nitrogen
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concentrations were reported in 86, where TiO2 films were deposited by a ALD process with a
heteroleptic alkylamido titanium precursor and O2 plasma as oxidant. However the precursor was
different and therefore difficult to compare with this work (Table 11, Appendix F).
Table 6: Elemental carbon and nitrogen content of TiO2 ALD films deposited with increasing number of plasma PR per cycle
from one to ten, according to XPS. Measurements were performed after sputtering with Ar+ ions. All samples deposited by 100
ALD-cycles. The precursor exposure time per cycle was 475 ms, extra purge time was 0s and VPP = 5.8 kV was used during all
the experiments. .

PR in each ALD
cycle

Plasma pulse Bulk analysis (%) ± 1.0
length (ms)
C
N

1

0.4

5.1

3.0

3

1.2

2.7

2.5

5

2

2.0

2.4

7

2.8

0.9

1.8

10

4

1.1

1.9

Table 7: Chemical composition, mass density and deposition rate of TiO 2 ALD films determined by XPS and RBS/ERD
measurements. All samples deposited by at least 500 ALD-cycles with 475 ms of precursor exposure time per cycle. The amount
of purge time and plasma PR per ALD-cycle is shown in the table. XPS measurements were performed after sputtering with
Ar+ ions. Note: samples were deposited after refilling TTIP bubbler (50g), which was double the amount as for the previous
samples.

PR in each
ALD cycle

Purge
time
(s)

Total
plasma
pulse
length
(ms)

Atomic %
by XPS
(± 1%)

Atomic % by
RBS/ERD(*)

C

N

C

N

H

Mass
densit [O]/[Ti
y
]
(g/cm³)

Ti
at./nm2.cycl
e

1

10

0.4

4.2

5.4

<4.5

3.5

12.3

1.70

2.05

2.2

5

0

2

5.1

4.2

<4.5

3.0

13.0

1.85

2.08

2.3

5

10

2

4.2

5.9

<4.5

7.8

11.2

1.8

2.12

2.2

10

10

4

<1

4.9

<4.5

2.9

6.3

2.04

2.20

2.4

(*) Accuracy RBS measurement: H: 7%; Ti: 2%; O: 4%; N: 2%; Detection limit of RBS: N: 2%; C: 4%.

Table 7 presents the chemical composition, mass density (g/cm³), O/Ti ratio and deposition rate
(at/nm².cycle) according to RBS/ERD measurements for various samples. XPS measurements were also
performed on the same samples and the C and N value from XPS after Ar+ sputtering is reported in the
same table. All samples were deposited with at least 500 ALD-cycles. The O/Ti ratio increased from
2.05 to 2.20 by increasing plasma exposure time and no significant influence of purge time on the O/Ti
ratio was observed. The amount of carbon was below the detection limit of RBS (<4.5%) while it was
between less than 1 and 5.1% according to XPS measurements. The amount of nitrogen decreased
with increasing plasma exposure time from 3.5 to 2.9%, according to RBS measurements. The same
effect was also observed in the XPS measurements for previous deposited samples (Table 6). The
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amount of nitrogen in the TiO2 film deposited with 10s of extra purge time and 5 plasma PR per ALDcycle was measured 7.8%, however the accuracy of that measurement is questionable. It is worth
mentioning that the values between the two tables (Table 6 and 7) are different, which can be
explained by several reasons. First of all, the gap distance between the Si substrate and the plasma
print head could have been slightly larger, resulting in a lower plasma energy density. Secondly, small
variations in gas flow/speed (O2 and TTIP) and pump speed were possible. Another possibility is that
the needle electrodes were affected by the prolonged O2-plasma ignition.
The hydrogen content was determined by means of ERD (section 3.3.6) and decreased from 12.3 to
6.3% by increasing plasma exposure time from 1 to 10 PR, respectively. This is explained by the removal
of the hydrocarbon ligands of the TTIP molecule by active O-species. The mass density and deposition
rate was calculated from the areal density. The number of deposited Ti atoms per cycle (i.e. deposition
rate) increased from 2.2 to 2.4 at/nm².cycle with increasing plasma exposure time. The number of Ti
atoms per nm² can also be calculated theoreticallyc, using the mass density obtained from the RBS
measurements and varied between 2.6 and 2.9 at/nm². Figure 36 shows the change in mass density
and RI as a function of plasma PR in each ALD-cycle. The mass density increased from 1.70 to 2.04
g/cm³ and the RI from 1.86 to 1.97 by increasing the plasma exposure time from 1 to 10 PR per ALD
cycle. The RI of the TiO2 films with one plasma PR per ALD-cycle was measured 1.86, and no significant
influence of precursor exposure or purge time was observed. The RI is rather low in comparison with
other values reported in the literature, varying between 2.1 and 2.4 42,37,35. However the reported
systems are low-pressure ALD systems with significant higher substrate temperatures. There were no
report on the RI of TiO2 ALD films deposited at atmospheric pressure.
In 87 TiO2 ALD films were deposited by a low pressure ALD setup at 200°C with TTIP as titanium
precursor and O2 plasma as oxidant, they reported an O/Ti ratio of 2.3. In a recent study by Ratzsch et
al 88, TiO2 ALD films were deposited with a low pressure plasma-assisted ALD setup at substrate
temperatures between 70 and 200°C with TTIP as precursor and O2 plasma as oxidant. They reported
an O/Ti ratio of 2.0 and a mass density of 2.61 g/cm³. In another study by Potts et al 33, TiO2 ALD films
were deposited at low pressure and room temperature with TTIP as titanium precursor and O2 plasma
as oxidant. They reported a GPC of approximately 0.06 nm/cycle, an O/Ti ratio of 2.2, mass density of
2.7 g/cm³, carbon content of 4.2%, hydrogen content of 16.9% and a deposition rate of 0.9
at/nm².cycle. Therefore the O/Ti ratio of the deposited TiO2 thin films with the µPP ALD setup
correspond with values reported in the literature. The observed mass density in this work is lower than
the values reported by Potts and Ratzsch et al, which was already expected from the relatively low RI.
More critical is the significant higher number of atoms deposited per ALD-cycle, 2.2-2.4 at/nm².cycle
with the µPP ALD setup and only 0.9 at/nm².cycle was reported by Potts et al. Which could possibly
suggest that the µPP ALD process is not completely pure ALD but more an ALD-like process.

c

the atomic areal density of one TiO2 monolayer can be calculated according to Eq.89:
1 𝜌∗ 𝑁 2/3
)
𝜇

𝑎𝑡𝑜𝑚𝑖𝑐 𝑎𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = (3

where 𝜌 is the TiO2 mass density (Table 7), N Avogadro’s

number and 𝜇 the molecular mass of TiO2 (79.9 g/mol).
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Figure 36: Mass density (g/cm³) and RI (at λ = 632.8 nm) of TiO2 films measured by RBS and SE, respectively, as a function of
PR in each ALD-cycle. Precursor exposure time per ALD-cycle was 475 ms and 10s of extra purge time was used.

4.2.3 Morphology and surface roughness
The morphology and surface roughness of the TiO2 ALD films were determined with SEM and AFM.
Figure 37 shows an AFM image (a) and a cross-sectional SEM image (b) of an ALD TiO2 film. The AFM
scan area is 1x1 µm² and the scale in the SEM image is 100 nm. The TiO2 sample was deposited at
saturation conditions. The film was amorphous (as confirmed by Raman spectroscopy) and the RMS
roughness was measured 0.25 nm. The cross-sectional SEM image showed a uniform and smooth layer.
Amorphous TiO2 films were also observed in other low temperature (i.e. lower than 250 °C) ALD
processes with TTIP as precursor and O2 plasma as oxidant (Table 11) 37,35,34. A similar surface roughness
value was reported by Theirich et al 40, where TiO2 ALD films were deposited at atmospheric pressure
with TTIP as precursor and O2 plasma as oxidant.

Figure 37: (a) AFM and (b) cross-sectional SEM image of TiO2 thin film deposited in plasma-assisted ALD mode. AFM scan area
is 1x1 µm² and the scale in the SEM image is 100 nm. The film was deposited at saturation conditions and the film thickness
is approximately 50 nm.
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4.2.4 Resolution of the µPP in plasma-assisted ALD mode
The resolution of the µPP in plasma-assisted ALD mode is described in this section. The resolution is
determined by the same method as it already has been described in section 4.1.4 for PE-CVD samples.
A TiO2 line was deposited by activation of two consecutive needle electrodes. The line was deposited
by 50 ALD-cycles at saturation conditions (i.e. 475 ms of precursor exposure, 30s extra purge time and
400 µs plasma exposure time per ALD-cycle). As for the PE-CVD line sample, a distance of 270 µm
between consecutive plasma dots was used. The result of XPS line-scan is presented in Figure 38,
showing that the patterning resolution after 50 ALD-cycles is approximately 1400 µm. It is worth
mentioning that the resolution in PE-CVD mode was determined by activation of only one needle
electrode, while two consecutive needle electrodes were activated for the ALD line sample. Due to
limitations in system’s design, TiO2 line could not be deposited in plasma-assisted ALD mode with only
one needle electrode.
The profile (Figure 38) shows titanium in the surrounding area, most likely due to accumulated TTIP
precursor molecules on the surface or due to diffusion of active O2 plasma species. A large difference
is observed in the carbon signal between the deposited line and surrounding area, while no difference
in the signal was observed in PE-CVD mode (Figure 33).

Figure 38: Atomic % of Ti, O, Si and C as function of distance, determined by XPS line-scan. The resolution is described as the
distance between the points at FWHM of the corresponding Ti, O, Si and C signal, resulting in a resolution of approximately
1400 µm for a 50 ALD-cycle TiO2 line. Note that the TiO2 ALD line is two pixels wide, i.e. two consecutive needle electrodes
were activated for the deposition.

4.2.5 Conclusion and comparison between plasma-assisted ALD and PE-CVD
mode
In this chapter it was shown that the µPP can be upgraded to a µ-Plasma assisted ALD setup, which
makes possible to deposit patterned TiO2 films with sub-nanometer thickness control. In order to
enable ALD with the µPP, a precursor dosing head was integrated in the system. The required hardware
modifications are extensively described in section 3.2.2. Saturation experiments were performed to
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determine the required precursor exposure, plasma exposure and purge time to achieve self-limiting
surface reactions (ALD process development). The GPC remained constant at 0.145 nm/cycle after 10s
of extra purge time, when 475 ms of precursor exposure time and one plasma PR per ALD-cycle were
used. The effect of plasma exposure time on the growth was not as important as the TTIP exposure
and purge time.
The SEM and AFM images showed a uniform and smooth surface with a RMS roughness of 0.25 nm. The
RI was measured 1.97 on a TiO2 film deposited at saturation conditions and 10 plasma PR per ALDcycle. RBS measurements showed a mass density of 1.70-2.04 g/cm³ and the O/Ti ratio was variable
between 2.05 and 2.20. The TiO2 films contained carbon, nitrogen and hydrogen as impurities,
according to XPS and RBS/ERD measurements. An overview of the material properties can be found in
Table 8 and Appendix F.
The amount of carbon, nitrogen and hydrogen in the TiO2 films decreased to less than 1.0, 1.8 and
6.3%, respectively, by increasing the number of O2 plasma PR per ALD-cycle, due to a more effective
combustion of the hydrocarbon ligands of the absorbed TTIP molecule. Hence the amount of impurities
in the TiO2 film decreased with increasing plasma exposure time, resulting in the formation of a more
pure and denser TiO2 film. As confirmed by the increasing mass density (1.70 to 2.04 g/cm³), number
of deposited Ti atoms per cycle (2.2 - 2.4 at/nm².cycle) and RI (1.86 – 1.97) with increasing plasma
exposure time. The obtained properties correspond well with other reported ALD processes, a
comparison can be found in Table 11 (Appendix F). The pattering resolution of the µPP in ALD mode
was found to be approximately 1400 µm for a TiO2 line deposited by activation of two consecutive
needle electrodes.
Table 8: Overview of the properties of TiO2 films deposited in PE-CVD and plasma-assisted ALD mode. The reported PE-CVD
film properties are for TiO2 films deposited on Si substrates.

PE-CVD mode

Plasma-assisted ALD mode

1.33 nm/PR

0.145 nm/cycle

0.25 nm

0.25 nm

Refractive index (@ 632.8 nm)

1.81

1.97

O/Ti Ratio (*)

2.15

2.05-2.20

Carbon content

7.5 ± 0.5 %

<1%

Nitrogen content

<1%

1.8 ± 0.5%

No accurate thickness
control for small features
1600 µm (20 PR); 1 needle
electrode

Yes, accurate thickness
control for small features
1400 µm (50 cycles); 2 needle
electrodes

Growth rate
RMS roughness

Accurate thickness control (**)
Resolution

(*) O/Ti ratio in PE-CVD mode was determined by XPS measurements without sputtering. The ratio in ALD mode was
determined by RBS/ERD measurements.
(**) Influence of number of activated needle electrodes on the growth rate.

Table 8 presents an overview of the properties of TiO2 films deposited in PE-CVD and ALD mode. First
of all, the growth rate of TiO2 on Si substrate was 1.33 nm/PR in PE-CVD mode, while 0.145 nm/cycle
at saturation conditions in ALD mode. The surface of TiO2 films deposited in PE-CVD and ALD modes
were smooth, a RMS roughness of 0.25 nm was measured in both situations. The RI increased from 1.81
in PE-CVD to 1.97 in ALD mode (with 10 plasma PR/ALD-cycle). The higher RI indicates an increased
material mass density of the TiO2 films deposited in ALD mode. The O/Ti ratio was 2.15 in PE-CVD
mode, determined by XPS without sputtering. The O/Ti ratio in ALD mode was determined by RBS/ERD
and was measured 2.05-2.20. However the ratios are determined by two different methods and
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therefore difficult to compare. The amount of carbon in the films decreased from 7.5% in PE-CVD mode
to less than 1% in ALD mode (with 10 plasma PR/ALD-cycle). Plasma-assisted ALD mode enables the
possibility to increase the plasma exposure time independently to the precursor exposure time, which
was obviously not possible in PE-CVD mode, which explains the lower amount of carbon in the ALD
TiO2 film. In contrary, the amount of nitrogen increased from 0.5% in PE-CVD mode to 1.8% in ALD
mode. It is expected that the production rate of NOx related plasma species is higher in an O2/N2 gas
mixture than in an O2/N2/TTIP gas mixture, which explains the larger amount of nitrogen in films
deposited in ALD mode.
One of the research questions in this Master Thesis, is whether the modification of the µPP from a PECVD system in a plasma-assisted ALD system results in an enhancement of the patterning resolution.
The resolution of the µPP in PE-CVD mode was approximately 1600 µm for a 20 plasma PR TiO2 line,
deposited by activation of only one needle electrode. While the resolution in ALD mode was
approximately 1400 µm for a TiO2 line deposited with 50 ALD-cycles at saturation conditions and
activation of two consecutive needle electrodes. Due to limitations in system’s design, no TiO2 line
could be deposited in ALD mode by activation of only one needle electrode. The growth rate in PE-CVD
mode was influenced by the number of activated needle electrodes. A significantly smaller growth rate
was observed when depositing TiO2 films in form of a line by activation of only one needle electrode
than when depositing larger area features by activation of multiple needles. It is worth mentioning
that the growth rate in plasma-assisted ALD mode was constant and not affected by the number of
activated needle electrodes. Hence one of the advantages of the plasma-assisted ALD mode is an
accurate thickness control for small area features.
It can be concluded that the modification of the µPP from a PE-CVD in a plasma-assisted ALD setup
results in improved material properties, an enhancement of the patterning resolution and a more
accurate thickness control for small area features. The modification makes it possible to deposit almost
carbon-free TiO2 thin films with sub-nanometer thickness control. Besides all the advantages, the ALD
process is significantly slower than the PE-CVD process. First of all due to the lower growth rate and
secondly because of the required purge times to obtain self-limiting surface reactions. However the
integration of a special purge module/zone could decrease the required purge time significantly, which
is discussed in the outlook.

58

59

4.3 Nitratine crystal formation
In the analyses of TiO2 films deposited in PE-CVD mode on glass substrate, some remarkable microsize crystallized particles were observed as shown in Figure 39, in which a large scale (a) SEM image is
presented with two close-ups of crystallized particles (b, c). Energy-dispersive X-Ray spectroscopy
(EDX) and Raman spectroscopy have been performed in order to determine the composition of the
crystals. The EDX results are presented in Figure 40, measured on a crystallized particle (a) and (b) on
the surrounding area.

Figure 39: SEM image of PE-CVD TiO2 thin film on glass substrate (30 plasma PR, 25 sccm TTIP, 10 sccm O2, VPP = 5.8 kV).
Micro-crystallized particles were detected. (b, c) are two close-ups of crystallized particles.

Figure 40: EDX spectra measured on (a) crystalized particle and (b) surrounding area. A large intensity difference is observed
in the sodium (Na) and carbon (C) peaks.
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The detected elements are all present in soda-lime-silicate glass substrates (Table 9) 90. EDX is
characterized by a large penetration depth, in the order of micro-meters, depending on the material
density and the acceleration voltage of the e-beam 91. A large intensity difference is observed in the
carbon and sodium peaks. The carbon intensity decreased and the sodium intensity increased on a
crystallized particle. The other components have a comparable intensity.
The Raman spectrum, determined on a crystallized particle is presented in Figure 41. The observed
peaks at 186, 724, 1067, 1386 and 1670 cm-1 correspond all with Nitratine (NaNO3) 92,93,94. The
structural formula of Nitratine is presented in Figure 42. The particles were also detected on the
surface of O2-plasma treated substrates, hence without TTIP in the gas mixture. However, the particles
were not detected on an untreated substrate. Therefore it is most likely that the Nitratine crystals are
formed due to a combinatorial reaction of the sodium containing silicate glass substrate with NOX
related plasma species. However the formation of Nitratine crystals in a plasma environment has never
been reported so far.

Figure 41: Raman shift measured on a crystallized particle. The detected peaks all correspond with Nitratine (NaNO 3) 92,93,94.

Table 9: Composition of soda-lime-silicate glass substrates.95,96

SiO2
Na2O
CaO
MgO
Al2O3
Fe2O3
K2O
TiO2

%
70-74
13-18
8-10
3-4
0.15
0.1
0.03
0.02

Figure 42: Chemical structural formula of
Nitratine (NaNO3)
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The effect of sodium in the substrate was excluded by depositing a 100 nm thick Al2O3 film by ALD on
the silicate glass substrate 97. No crystallized particles were observed after O2-µPlasma treating the
Al2O3 coated substrate. Therefore the silicate glass substrate can be attributed as the sodium source.
In order to gain more insight in the growth mechanism, substrates were O2-µPlasma treated (10 sccm
O2, VPP = 5.8 kV) with increasing number of plasma PR (1-30). The statistical analyses of the
corresponding SEM images is presented in Figure 43, with (a) the average number of particles detected
in an area of 3200 µm², (b) the average size of the particles and (c) the surface coverage of the particles
as function of plasma PR. Initially, when only one plasma PR was used, a small amount of particles was
detected but the average particle size was rather large (0.36 ± 0.17 µm²). The amount of detected
particles increased and the average particle size decreased by increasing the number of plasma PR.
The surface coverage increased linearly with number of plasma PR. Therefore it is expected that rather
large crystals were formed which are fragmented into smaller crystals in the following plasma PRs.

Figure 43: (a) Average number of detected particles, (b) average size of the particles and (c) surface coverage of the crystallized
particles as a function of O2 plasma PR (10 sccm O2, VPP = 5.8 kV). The analyzed area is 3200 µm². The measurements were
averaged over 4 different SEM images and the corresponding standard deviation was used for the error bars.

As already mentioned, nothing has been reported about Nitratine crystal formation in plasma
environment so far, hence no growth mechanism is reported. Therefore in the following paragraph a
hypothesis is presented to explain the crystal formation.
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Growth mechanism (hypothesis):
We hypothesize that the crystals are formed due to a combinatorial reaction of the sodium containing
silicate glass substrate with NOx related plasma species. The substrate is exposed to a large electric
field, in the order of 107 V/m, upon discharge ignition. The appliance of a strong electric field near a
glass substrate could possibly initiate a diffusion of sodium ions to the surface, as has been reported
in 90. They reported the diffusion of sodium and potassium ions in Borosilicate glass tubes with an
applied electric field between 104 and 105 V/m.
The µPP is operated with an AC supply voltage, hence the sign of the electric field changes every halfcycle. However the electric field strength near the substrate’s surface can be significantly larger than
the average electric field strength, due to the filamentary discharges 98, which could explain the
diffusion of sodium ions to the surface. However some effort should be made to determine the electric
field strength in the µPP during discharge. Hence it is assumed that sodium ions diffuse towards the
surface upon discharge ignition. The silicate glass substrates also contain calcium (± 9%), however
calcium ions (Ca2+) are less mobile than sodium ions (Na+). In order to prove the participation of sodium
compounds of the substrate in the reaction mechanism, depth profiling measurements have been
performed with XPS on an O2-µPlasma treated substrate (30 plasma PR, 10 sccm O2). The result is
presented in Figure 44a, in which the sodium concentration is shown as a function of etch time. The
etch rate is 0.2 nm/s, therefore the figure shows an atomic concentration as function of depth. The
amount of sodium increased from 1 to 5%, with increasing depth, until saturation at 5% after 250s (50
nm depth). Indicating that the sodium species in the top 50 nm layer were used in the Nitratine crystal
formation. A schematic view of the sodium concentration in the substrate, after plasma treatment is
presented in Figure 44b. However one of the remaining questions is in what form sodium exists in the
silicate glass substrates, which can either be Na cations or Na2O. Na cations can diffuse to the surface
by appliance of a sufficient strong electric field. However, a large amount of energy is required to
dissociate a Na2O molecule. Knowledge of the electric field strength in the µPP during discharge is
required to determine the probability to dissociate a Na2O molecule with the electric field in the µPP.
Apart from sodium ions, also nitrogen oxide related species (NOx) are required for the crystal
formation. Nonetheless, the production of NOx related species in discharges with an air-like gas
mixture have been reported several times 99,100. In 99 the detection of NOx related species (i.e. NO, NO2,
N2O, HNO2) was reported, detected by gas-phase FTIR studies in an roll-to-roll DBD setup with an airlike gas mixture. It was shown that the production rate of NOx related species increased with increasing
O2-flow. However NO3 was not detected. While in 100 FTIR measurements are reported, performed on
the gas mixture produced by an atmospheric pressure argon plasma jet with N2/O2 mixture as shielding
gas, they reported long living nitrogen species, such as NO2, NO, N2O, N2O5 and HNO3. The time
evolution of the density of NOx species in a streamer of an air DBD has also been modelled 101. They
report the production of NO, N2O5, N2O, NO2 and NO3.
Therefore the Nitratine crystals are most likely formed due to a combinatorial reaction between NOx
related species, produced in the plasma and with to the surface diffused sodium compounds by the
applied electric field. A schematic view of this hypothesis is presented in Figure 45. However more
research should be done in order to prove the hypothesis. First of all, gas-phase FTIR measurements
on the exhaust gas produced in the plasma, are going to be performed in the near future. In order to
identify and quantify the produced species (NOx-related). Secondly, some effort should be given to
determine the electric field strength near the glass substrate in the µPP during discharge, which could
explain the dissociation of Na+ ions from Na2O in the substrate.
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Figure 44: (a) Sodium concentration as function of etch time (s) in an O2-µPlasma treated silicate glass substrate (10 sccm O2,
30 PR), determined by XPS. The etch rate is 0.2 nm/s, therefore the figure can be presented as an atomic concentration as
function of depth (0-60 nm). The amount of sodium increased from 1 to 5% with increasing depth (etch time) in the first 50
nm. Indicating that the sodium species in the top 50 nm layer were used for the crystal formation. (b) Schematic view of the
sodium concentration in the substrate after plasma treatment.

Figure 45: Schematic view of the Nitratine crystal formation (hypothesis). Sodium ions (Na+) diffuse to the substrate’s surface
by the appliance of a strong electric field, due to the filamentary discharges and NOx related species are produced in the
plasma. The NOx species react chemically with the diffused sodium ions in order to form Nitratine crystals.
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5. Conclusions and outlook
In this Master Thesis the possibility to deposit patterned metal oxides thin films, i.e. TiO2, with the µPP
as a plasma source has been proven. The depositions were performed in two different operation
modes, PE-CVD and plasma-assisted ALD mode. In PE-CVD, a vaporized titanium precursor (TTIP) was
fed into the discharge volume by means of a nitrogen carrier gas. For the second part of this Master
Thesis, the µPP was upgraded to a plasma-assisted ALD system, through the integration of a precursor
dosing head.
The conclusions and answers to the research questions are given in section 5.1, followed by an outlook
for future experiments and system modifications in section 5.2.

5.1 Conclusions
Answers to the research questions are provided in this section. The questions were divided in two large
questions with multiple sub-questions. The first question was stated as follow:

1. Can the µPP, which is initially used for plasma activation of surfaces, be used for
deposition of metal oxides thin films (e.g. titanium dioxide) in a patterned manner (PECVD mode)?
The µPP was used to deposit metal oxides thin films (i.e. TiO2) in a patterned manner by guiding a
vaporized titanium precursor (TTIP) to the discharge volume. The films were deposited both on glass
and Si substrates. The required hardware modifications and material properties are addressed in the
answers to the sub-questions.
a. What are the required hardware modifications to enable metal oxides thin film deposition with
the µPP?
The µPP had never been used to deposit metal oxides thin films and numerous hardware modifications
were required. First of all, the polymer precursor lines were replaced by stainless steel flexible lines.
The polymer lines absorb water, which is reactive with the TTIP precursor. TTIP has a melting point of
17-18°C, therefore a precursor heating system was added to prevent solidification of the precursor
inside the bubbler. In order to prevent condensation of the ‘warmer’ precursor inside the lines, gas
chamber and on the substrate, heating systems for the lines, gas chamber and substrate were designed
and added to the setup. Finally, a gas curtain system was designed to enclose the gas mixture and print
head from the environment. The required hardware modifications are well described in Appendix B.
b. What is the growth rate of the deposited film? Is there a difference when depositing on dielectric
or conductive substrates (i.e. difference between both plasma configurations)?
The growth rate on glass substrate was 2.3 nm/PR and decreased to 2.0 nm/PR by adding 10 sccm O 2
to the gas mixture. The O-related plasma species (e.g. O-radicals) react with the isopropyl ligands of
the TTIP molecule and form volatile byproducts and a more dense TiO2 film. The growth rate was lower
on Si substrate, 1.33 nm/PR. However µPlasmaPrinting on a conductive substrate requires a change in
configuration and the precursor flow and pump speed were different.
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c. What are the properties? What is the stoichiometry, impurity content, etc.? And how do the
properties (stoichiometry, roughness, etc.) compare with those achieved with other CVD
systems?
The TiO2 films contained carbon and nitrogen as impurities, according to XPS measurements. The
amount of carbon in films deposited on glass substrate decreased from 10.7 to 4.9%, while nitrogen
decreased from 3.4 to 1.7% by adding 10 sccm O2 to the gas mixture, which also explains the decreased
growth rate. The carbon and nitrogen content in films on Si substrate was measured 7.5 and 0.5%,
respectively. The lower amount of carbon and nitrogen in films on Si substrate in comparison with glass
substrate is most likely explained by the difference in configuration. The stoichiometry of the TiO2 films
in PE-CVD mode was found to be 2.15– 2.60, depending on the gas mixture and type of substrate.
The SEM images of TiO2 films on Si substrate showed a smooth and uniform surface. While the surface
of TiO2 films on glass substrate was rough and composed of agglomerated particles. The RMS roughness
was determined by AFM and was significantly different between the two substrate types. The TiO2 film
was smooth on Si substrate, a RMS roughness of 0.25 nm was measured. The film on glass substrate
was rough, with a RMS roughness of 11 nm and decreased to 4 nm by adding O2 to the gas mixture. The
large difference in surface roughness between films on Si and glass substrates is explained by charge
buildup on the dielectric substrate (i.e. glass) upon discharge. The RI index was only determined for
TiO2 film on Si substrate and was measured 1.81 on a 50 nm thick film.
The stoichiometry and RMS roughness correspond with TiO2 films deposited in other reported CVD
systems with TTIP as precursor. The RI is rather low in comparison with other reported processes,
indicating a relatively low mass density. The growth rate obtained with the PE-CVD µPP setup was
significantly larger than other reported values in the literature, however those were not local and
patterned depositions and therefore difficult to compare with. The amount of carbon in TiO2 films is
rather large, compared with other CVD processes. Therefore the material quality achieved with the
µPP in PE-CVD mode was relatively poor and the possibility to achieve an improvement in material
quality was investigated. An overview of other in the literature reported CVD processes and
corresponding material properties can be found in Appendix F.
d. What is the patterning resolution of the µPP, when depositing TiO2 thin films in PE-CVD mode?
The resolution was determined by means of XPS line-scan and was found to be approximately 1600
µm for a 20 plasma PR TiO2 line. However it is expected that the resolution is dependent to the stability
of the plasma and is influenced by the concentration of TTIP molecules in the discharge volume. It is
worth mentioning that the carrier gas flow remained the same as for larger area depositions (with
multiple needles), due to limitations in the current setup. Therefore it is expected that the
concentration of TTIP molecules in the discharge volume was too large for one single needle electrode.
A too large precursor concentration manifests in an occasionally very bright and/or weak plasma and
thereby influencing the line width of the deposition. It was also observed that the growth rate was
affected by the number of activated needle electrodes, therefore the PE-CVD mode provides no
accurate thickness control for small area features.
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Due to the relatively low RI (1.81) and large amount of carbon in the TiO2 films (7.5% in case of Si
substrate) deposited by guiding the vaporized TTIP precursor directly into the discharge volume (PECVD mode). The possibility to achieve an improvement in material properties by the spatial separation
of precursor and oxidant exposures was investigated (Plasma-assisted ALD mode). The second
research question was stated as follow:

2. Can the µPP be modified in order to achieve successful plasma-assisted atomic layer
deposition of metal oxides (e.g. TiO2) in a patterned manner?
The µPP was upgraded from a PE-CVD to a µ-Plasma assisted ALD setup. The possibility to deposit TiO2
ALD films with the µPP as plasma source was proven. The required hardware modifications, process
development and material properties are given in the answers to the sub-questions.
a. What are the required hardware modifications?
In order to enable ALD with the µPP setup, a precursor dosing head was designed and integrated at
the print-stage. The dosing head served as one half-cycle, while the O2 plasma exposure by the plasma
print head served as the other half-cycle in the ALD-process. The substrate was alternatively exposed
to TTIP precursor and O2-plasma by the alternate shifting of both heads over the substrate. In order to
separate both heads (plasma en precursor) from each other and from the environment, a different gas
curtain system was designed and integrated in the setup.
b. What is the ALD process development?
A set of saturation experiments were performed to determine the required precursor exposure,
plasma exposure and purge times to achieve self-limiting surface reactions. The GPC remained
constant at 0.145 nm/cycle with 10s of extra purge time, when 475 ms precursor exposure time and
one plasma PR per ALD-cycle were applied. The influence of plasma exposure time on the GPC was not
as important as the precursor exposure and purge time.
c. What are the properties of the material? What is the effect of the number of plasma PR per ALD
– cycle, i.e. plasma exposure time?
The surface of TiO2 ALD film was smooth and uniform, according to SEM and AFM images. The R MS
roughness was measured 0.25 nm, similar to the roughness of a pristine Si substrate with native oxide.
The RI increased with increasing plasma exposure time and was measured 1.97 on a TiO2 film deposited
at saturation conditions with 10 plasma PR per ALD-cycle. The relatively low RI indicates a low material
mass density, as confirmed by RBS measurements, which showed a material density of 1.70-2.04
g/cm³. The TiO2 films contained carbon and nitrogen as impurities according to XPS measurements. An
overview of the material properties can be found in Table 8 and Appendix F.
The influence of increasing plasma exposure time, i.e. number of plasma PR per ALD-cycle was
investigated by means of XPS and RBS/ERD measurements. The amount of carbon and nitrogen in the
TiO2 films decreased from 5 to 0.9% and from 3.0 to 1.8% respectively, by increasing the number of
plasma PR per ALD-cycle from one to ten, according to XPS measurements. The same effect was
observed in the hydrogen content, according to RBS/ERD measurements. The increase in O2-plasma
exposure time per cycle leads to an increased amount of produced O-related plasma species, which
chemically react with the hydrocarbon ligands of the absorbed TTIP molecule and form volatile
products. Therefore an almost carbon-free TiO2 layer can be deposited provided sufficient plasma
exposure time. The O/Ti ratio increased from 2.05 to 2.20 with increasing plasma exposure time,
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according to RBS measurements. The material density increased from 1.7 to 2.04 g/cm³, while the
number of deposited Ti atoms per ALD-cycle increased from 2.2 to 2.4 at/nm².cycle by increasing the
plasma exposure time. Therefore increasing the O2 plasma exposure time per cycle, leads to the
formation of a denser and more pure TiO2 film.
d. What is the patterning resolution of the µPP in plasma-assisted ALD mode? How does the
resolution change in comparison with the PE-CVD mode?
The patterning resolution of the µPP in plasma-assisted ALD mode was found to be approximately 1400
µm for a TiO2 line deposited with 50 ALD-cycles at saturation conditions and activation of two
consecutive needle electrodes. Due to limitations in system’s design, no TiO2 line could be deposited
in ALD mode by activation of only one needle electrode. The resolution in PE-CVD mode was 1600 µm
for a 20 plasma PR TiO2 line and activation of only one single needle electrode, hence the ALD mode
leads to an enhanced patterning resolution. Moreover, the growth rate in PE-CVD mode was affected
by the number of activated needle electrodes, while in ALD mode, the growth was independent from
the number of activated needles. Therefore ALD mode provides a more accurate thickness control for
small area features.
e. How do the properties (stoichiometry, impurity content, roughness, etc.) change in comparison
with the PE-CVD mode? And how do these properties compare with other ALD processes?
The growth rate on Si substrate in PE-CVD mode was 1.33 nm/PR, while 0.145 nm/cycle at saturation
conditions in plasma-assisted ALD mode. Hence the ALD mode makes it possible to deposit TiO2 films
with sub-nanometer growth control by controlling the number of ALD-cycles. The surface of TiO2 films
deposited by PE-CVD and plasma-assisted ALD were smooth, with a RMS roughness of 0.25 nm. The RI
increased from 1.81 in PE-CVD mode to 1.97 in ALD mode, indicating an increased material mass
density. Carbon and nitrogen were present in the TiO2 films as impurities, in both situations, according
to XPS measurements. The amount of carbon decreased from 7.5% in PE-CVD mode to less than one
percent in plasma-assisted ALD mode, provided sufficient O2-plasma exposure time. The amount of
nitrogen increased from 0.5% in PE-CVD mode to 1.8% in ALD mode, most likely due to an increased
production rate of NOx related plasma species in a N2/O2 gas mixture than in an N2/O2/TTIP gas mixture.
The O/Ti ratio was 2.15 in PE-CVD mode and 2.05-2.20 in ALD mode. However the ratio in PE-CVD
mode was determined by XPS (without sputtering) and by RBS/ERD measurements in ALD mode.
The growth rate, surface roughness, O/Ti ratio and amount of impurities (i.e. carbon, nitrogen and
hydrogen) correspond with other in the literature reported ALD processes (Table 11). The RI and mass
density were relatively low in comparison with other reported ALD processes, however it is expected
that an increase in mass density and RI can be achieved by increasing the substrate temperature during
the ALD process. The number of deposited Ti atoms per ALD-cycle in the µPP ALD setup (2.2-2.4
at/nm².cycle) was significant higher than values reported in the literature (0.9 at/nm².cycle), which
could possibly suggest that the µPP ALD process is not completely pure ALD but more an ALD-like
process. However calculations showed that the atomic areal density of one TiO2 monolayer is
approximately 4.8 titanium at/nm² (depending on the bulk mass density) and therefore half a
monolayer is deposited in each ALD-cycle. An overview and comparison of other in the literature
reported TiO2 ALD processes and properties can be found in Table 11, Appendix F.
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5.2 Outlook
In this thesis the possibility to deposit metal oxides thin films with the µPP as a plasma source in two
different operation modes (PE-CVD and plasma-assisted ALD mode) has been proven. The possibility
to perform patterned plasma-assisted ALD at atmospheric pressure is something unique and could be
applicable in numerous applications or the µPP-head could possibly be implemented in other spatial
ALD systems. However the µPP ALD system is a prototype and more research should be done in order
to further improve and modify the system in a µ-Plasma assisted ALD Printer. In this section
suggestions are given in order to further investigate and improve the prototype system and the
corresponding TiO2 thin films.
First of all, no TiO2 ALD line could be deposited with activation of only one needle electrode in the
present setup, due to a too large concentration of O2 for one single needle electrode in the discharge
volume. Therefore, single needle TiO2 line samples should be deposited by using a MFC, allowing a
lower gas flow (0-5 sccm O2). The patterning resolution of the µPP in ALD mode can then be determined
for one single needle electrode and a more accurate comparison of the resolution in PE-CVD and ALD
mode can be made. Secondly, the influence of substrate temperature on the growth rate, chemical
composition, mass density and optical properties should be investigated. Most other reported
(plasma-assisted) ALD processes are operated with higher substrate temperatures and an increase in
material density and RI is expected by increasing the substrate temperature. Finally, the prototype
system has been used to deposit TiO2 films with TTIP as titanium precursor. However the system should
also be tested with other precursors and/or different types of metal-oxides.
As already mentioned, the µPP ALD-system is a prototype and further improvements are necessary to
upgrade the system in a commercially available µ-Plasma assisted ALD Printer. First of all, the precursor
exposure time is dependent to the motion speed of the print-stage as well as to the size (i.e. length)
of the dosing head, limiting the current setup to a minimum precursor exposure time of 315 ms.
However, it was shown that self-limiting surface reactions are already achieved after 475 ms of
precursor exposure. Thereby, decreasing the size of the dosing head makes it possible to decrease the
minimum precursor exposure time and the growth in the region before saturation could be
investigated. Secondly, the purge steps are performed during transition between both heads by a
combination of N2-flow from the gas curtain system, O2-flow to the inlet of plasma head and exhaust
flow through the outlet by a vacuum pump. However extra purge times were required, limiting the
process speed significantly. Therefore the addition of an extra purge module/zone between both
heads (plasma and precursor) should reduce the purge time and increase the process speed
significantly.
Finally some suggestions are given for further investigation of the growth mechanism of the Nitratine
crystals (section 4.3). First, gas-phase FTIR measurements on the produced exhaust gas are going to be
performed in the near future. The measurements should identify and quantify the produced plasma
species (e.g. NOx). Secondly, some effort should be given to determine the electric field in the µPP
during discharge.
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7. Appendices
A. Atmospheric pressure (plasma-assisted) ALD
In chemical vapor deposition (CVD) both precursor and reactant gases are simultaneously in the
reaction chamber. However separating both gas exposures into two discrete steps, leads to a
significantly enhanced process control. The deposition technique in which precursor and reactant
exposures are applied alternatively is known as ALD 1. Extended information of ALD can be found in
1,15,102,16
.
ALD is a thin film deposition technique with sub-nanometer thickness control. One ALD cycle is divided
in two (or more) half-reactions, in which the precursor and reactant are applied alternatively,
separated by purge steps 1. A schematic of one ALD cycle of Al2O3 is shown in Figure 46. In the first step
the substrate is exposed to the vaporized precursor molecules (tri-methyl-aluminum, TMA), which
absorb at the surface. The reaction is self-limiting because there are a limited amount of available
surface sites. The reaction chamber is purged after precursor exposure (step 2), to remove residual
precursor molecules and reaction products (CH4), which completes the first half-cycle.
In the second half-cycle (step 3) the surface is exposed to a second precursor (H2O), a co-reactant gas,
which chemically reacts with the absorbed precursor molecules. An Al2O3 monolayer is formed and
reactive surface sites (OH groups at the surface) are created, for the next ALD cycle. The produced
byproducts (H2O and CH4) are purged away from the chamber by a purge step (step 4) 103. The purge
steps are performed to prevent reactions between precursor and co-reactants, which could lead to
unwanted and uncontrollable CVD reactions 104. In an ideal situation the surface is covered with one
homogenous sub-monolayer after every half-cycle, since both half-reactions are self-limited.
Therefore only one monolayer is deposited per ALD-cycle and the material is deposited layer-by-layer
1
, enabling ultimate growth control by controlling the number of ALD-cycles. The self-limiting effect of
the half-cycles results in a saturation of the growth rate, manifesting in a characteristic growth per
cycle (GPC) 85. By ALD deposited thin films are characterized by excellent conformity, uniformity,
surface coverage, high film quality and excellent thickness control on atomic scale 1,53. Besides the
advantages, ALD is characterized as a slow, often low pressure process, which makes it difficult and
expensive to scale up 103.

Figure 46: Schematic diagram of one ALD cycle of Al2O3. The different steps are depicted from left to right. One ALD cycle is
divided in two half-reactions, each consisting of a gas exposure and a purge step. First the substrate is exposed to the vaporized
precursor (TMA). The precursor molecules absorb at the surface, followed by a purge step (step 2). In the second half-cycle
(step 3) the surface is exposed to a reactant gas (H2O), which chemically reacts with the ligands of the precursor molecule.
Reactive surface sites are created and an Al2O3 monolayer is formed. The ALD-cycle is completed with a purge step (step 4).
Taken from 5.
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Figure 47: Temperature window for an ideal ALD process, the GPC is shown as a function of temperature. The GPC shows no
or weak dependence on the substrate temperature inside the temperature window (between T 1 and T2), while it is disrupted
outside the temperature window, due to several effects. For example when the substrate temperature T is lower than a specific
threshold temperature T1, the precursor and/or reactants can condense on the surface, leading to the formation of porous
and impure films and thereby increasing the GPC. However reactions require a specific threshold activation energy, therefore
T<T1 could also reduce the reactivity and the corresponding GPC. Moreover a substrate temperature exceeding a specific
temperature T2 could lead to decomposition of precursor/reactants and thereby increasing the GPC through additional and
uncontrollable CVD reactions. T>T2 can also lead to a decreased GPC by re-evaporation or etching of reactive surface groups
and/or material above a specific temperature. 85

Every ALD process is characterized by a specific temperature window in which the GPC is shown as a
function of substrate temperature (Figure 47). The temperature window of an ideal ALD process is
represented by the temperature range in which the GPC shows no or weak dependence on the
temperature (between T1 and T2 in Figure 47). In the regions outside the temperature window, the ALD
reactions are disrupted by several chemical and/or physical processes. For example when the substrate
temperature T is lower than a specific threshold temperature T1, the precursor and co-reactants are
able to condense on the surface and form porous and impure films through undesired and
uncontrollable reactions, thereby increasing the GPC. However reactions require a specific threshold
activation energy, therefore T<T1 can also reduce the reactivity and the GPC. A substrate temperature
exceeding a specific temperature T2 (T>T2) can lead to decomposition of precursor/reactants and to
corresponding additional and uncontrollable CVD reactions, thereby increasing the GPC. However T>T2
can also lead to a decreased GPC, since reactive surface groups and/or material can re-evaporate or
etch above a specific temperature 85.
Nonetheless, the required substrate temperature to initiate ALD reactions is reducible by replacing the
reactant gas by plasma, referred to as plasma-assisted ALD. The principles, advantages and merits of
plasma-assisted ALD have been well described in a review article from Profijt et al 16. The difference
between a thermal and a plasma-assisted ALD process is shown in Figure 48. In plasma-assisted ALD
process, the plasma exposure takes over the role of the reactant. The produced plasma species (e.g.
radicals, ions) interact with the surface, creating reactive surface sites on which the precursor bonds
in the next half-cycle. As in thermal ALD, the reactions are self-limiting due to limited number of
available surface sites and the reactor chamber is purged after plasma exposure to remove all reaction
byproducts.
The use of plasma as reactant gas is characterized by several benefits16:
-

The high reactivity of the plasma reduces the required substrate temperature, which is
beneficial when for example fragile substrates are used which cannot withstand heat.
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-

-

-

-

-

The use of plasma results in improved material properties (in terms of density, impurity
content, electronic properties, etc.) in comparison with thermal ALD processes, due to higher
reactivity of the plasma.
Some precursors (e.g. heteroleptic Cp-based alkoxides) are not applicable in thermal ALD
processes due to a weak reactivity 97. Hence the use of plasma as reactant leads to an increased
choice of precursors and materials.
The density, power and exposure time of the plasma provide additional parameters which can
be used to tune the film composition and stoichiometry. Moreover, the plasma exposure time
can be controlled accurately, due to fast on/off switching of the plasma.
Reduced purge times, since the produced plasma species are often more volatile than the
reactant gases used in thermal processes. Reduced purge times results in an increased
throughput of the ALD setup.
Etc.

Despite all the advantages, the use of plasma as reactant could lead to reduced conformality (for
example for surfaces with high aspect ratio) and to plasma damage. Plasma damage can occur due to
high ion bombarding energies, which are accelerated in the plasma sheath, which could lead to
displacement of atoms, bond breaking, etc. 16

Figure 48: Schematic representation of the difference between a thermal and plasma-assisted ALD process. Taken from 161

In temporal ALD, the substrate is located at a fixed location and the precursor and reactant exposures
are alternatively applied in the reaction chamber. The different exposures are separated by purge steps
in which the reaction chamber is evacuated. The precursor and reactant exposures are separated in
the time domain, as shown in Figure 49a. However the gas exposures can be separated in the spatial
domain, which is known as spatial ALD 2,15,105. In spatial ALD, each part of the substrate is alternatively
exposed to the precursor and reactant in separate dosing zones. The gas exposure zones can be
integrated in a deposition head, as depicted in Figure 50a 2. The head is divided in individual gas flow
zones, through which the precursor, reactant or an inert gas flows. The inert gas is used for a purge
step and to separate the precursor and reactant gases from each other. The deposition head is located
in proximity to the sample’s surface and either the head or the sample is shifted to obtain ALD
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reactions, as shown in Figure 49b. Figure 50b shows the different gas exposures experienced by one
fixed point Q on the surface as function of time in a spatial ALD process 2. Every part of the surface
experiences an alternate exposure of precursor and reactant gas, separated by an inert gas, in order
to achieve self-limiting ALD reactions.
In temporal ALD, the whole reaction chamber has to be evacuated after each gas exposure (i.e.
precursor and reactant) and therefore the purge steps are time consuming. While in spatial ALD the
purge steps are performed in separate purge zones, which is therefore faster and more efficient than
in temporal ALD. Moreover, the precursor and reactant exposures are applied more efficiently in
spatial ALD. Therefore higher throughputs can be obtained by spatial ALD. Besides the higher
throughputs, spatial ALD is normally not limited by substrate size and is therefore more applicable in
industrial applications and roll-to-roll processing 103. As in temporal ALD, the reactant exposure can be
replaced by plasma exposure, in order to increase the reactivity and to reduce the required substrate
temperature. Successful deposition of Ag 106, ZnO 2, Cu2O 103, Al2O3 2,36 and TiO2 37,33 by spatial ALD
processes are reported in the literature.

Figure 49: Temporal vs. spatial ALD. Substrate location and different gas exposures are shown as function of time. Temporal
ALD (a): substrate is located at a fixed position while the precursor and reactant gases are applied alternatively in the reaction
chamber, separated by purge steps in which the chamber is evacuated. Spatial ALD (b): each part of the substrate is
alternatively exposed to the different gases, by shifting the substrate through the different gas exposure zones. 103,105

Figure 50: (a) Schematic representation of a spatial ALD – head. The head is divided in separate gas flow zones through which
the precursor (blue) and reactant (red) flows, separated by purge zones (green) through which an inert gas flows. (b) The
different gas exposures experienced by one fixed point on the substrate as function of time. 2
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B. Hardware modifications
In this section the required system modifications to upgrade the µPP to a versatile tool for patterned
TiO2 thin film deposition are described. The µPP was never used to deposit metal oxides thin films
before and numerous problems were encountered. The different modifications are described below:

Gas curtain system
First of all, a gas curtain system was designed, in order to enclose the gas mixture and print-stage from
the environment, since the organometallic titanium precursor (TTIP) chemically reacts with moisture
(i.e. water) from the environment. Two different curtains were designed, one for the PE-CVD mode
and one for plasma-assisted ALD mode. However two different gas chambers exist to plasma treat
dielectric and conductive substrates. Therefore the gas curtain system limited the ALD experiments to
conductive substrates only.

Gas delivery and heating systems
The first experiments were performed without a bubbler heating system. However TTIP has a melting
point of 17°C and the precursor solidified during night. A bubbler heating system was installed to
prevent solidification of the precursor inside the bubbler and kept the TTIP bubbler at 32 ± 3°C. Initially,
the gas delivery setup was used with flexible polymer lines, however polymer lines absorb water from
the environment. The reaction of water with the TTIP precursor resulted in powder formation and no
TiO2 film could be deposited. Therefore the polymer lines were replaced by stainless steel flexible lines,
which are however very expensive. Since the TTIP bubbler was heated to 32°C, a precursor line heating
tool was required to prevent condensation of the TTIP precursor on colder locations inside the lines.
The stainless steel lines were enrobed with heating wire, which was fed with a supply voltage and a
feedback system was used to maintain the line temperature at 50°C (Eurotherm 2408f). The printstage (i.e. gas chamber / precursor dosing head) required a heating system, to prevent condensation
in the deposition chamber. The print-stage was enrobed with heating wire and fed with a supply
voltage (Kossoni Voltage Regulator, 0-250 V). The required voltage to maintain a temperature of 50 ±
5°C inside the deposition chambers was checked with a thermocouple. The precursor lines and printstage were enrobed with aluminum foil to ensure a uniform temperature distribution.
The µPP has been initially designed without substrate heating, however substrate heating was required
to prevent condensation on the substrate. Therefore, a silicon heatmat (240V, 100 W) was glued to
the bottom side of the glass substrate table and a Honeywell thermostat switch was placed in the
middle of the heatmat. The temperature switch opened the connection at 70°C and closed back at
55°C, in order to maintain the topside of the substrate table at a temperature of 55 ± 5°C. Different
substrate temperatures are possible, since the temperature switches are available in a very broad
range. The power of the heatmat (100 W) had to be limited to prevent a too fast temperature increase
and correspondingly large temperature differences in the glass substrate table, which could lead (and
unfortunately led) to cracking of the glass table. The power was limited by a simple dimmer, normally
used for house lightning, which was integrated in the substrate heating system and slowed down the
heating process.

Extra modifications plasma-assisted ALD mode
In this paragraph extra modifications specific for the ALD mode are described. First of all, a gas dosing
head was designed and integrated at the print-stage. The head was made of aluminum, with two
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connections, one for inlet and one for the outlet. The dosing head was integrated at the location of
the camera system, normally used to visualize the discharges. Secondly, a different gas curtain system
was designed. Finally, the µPP software required modifications to enable the ALD-process. The
possibility to add a precursor dosing position was added, together with the possibility to add extra
purge times in the ALD-cycles. Moreover, the possibility to change the motion speed of the system
separately during µPlasmaPrinting and precursor dosing was integrated.

Equipment
In this paragraph, a list of the used equipment, such as MFCs, vacuum pump, heating systems, etc. is
given:









Bronckhorst MV-302 MFC for precursor dosing
Bronckhorst MV-302 MFC for O2-flow to plasma print head
Bronckhorst MFC for gas curtain system (20-2000 sccm)
Vacuubrand MZ2C vacuum pump, pump speed controlled by a needle valve and MFC
Heat mat with Honeywell Thermostat switch
Horst HT20N250 for bubbler heating system
Eurotherm 2408f for line heating system
Kossoni Voltage Regulator, 0-250 V for gas chamber heating
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C. Conductive substrate configuration
Additional schematics of the conductive substrate configuration are presented in this section. As
already has been discussed in section 3.1, an extra dielectric layer is required to plasma treat a
conductive substrate (i.e. Si). Figure 51 presents a 3D schematic of the print-stage as it was used to
plasma treat conductive substrates. It is worth mentioning that two different gas chambers exist,
depending on the type of substrate. The gas chamber used in the conductive substrate configuration
has a notch in which the dielectric spacer fits. A schematic view of the PE-CVD µPP setup used for
deposition on conductive substrate is shown in Figure 52.

Figure 51: 3D schematic of the print-stage for plasma treating conductive substrates. A dielectric layer is positioned between
the needle electrodes and the conductive substrate.

Figure 52: Schematic view of the PE-CVD µPP setup for depositing on conductive substrates (i.e. Si). The TTIP precursor and
exhaust flow was 53 and 75 sccm, respectively. The gas curtain system was fed with 500 sccm N 2. The temperatures were the
same as in the setup for depositing on dielectric substrates.
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D. XPS line-scan: proof of concept
The patterning resolution of the µPP in the two different operation modes was determined by means
of XPS line-scan, as described in sections 3.3.2 and 4.1.4. In XPS line-scan, multiple XPS measurements
are performed on different positions perpendicular to the deposition line, equally spaced by 60 µm.
The result is a spectrum showing the atomic % of the elements as a function of distance, from which
the patterning resolution can be determined. In this section a proof of concept is given.
A reference sample with a well-defined pattern was made in order to proof the accuracy of XPS linescan. An Al2O3 line with a width of 500 µm was deposited by a combination of photolithography and
ALD. The line width was consequently determined by XPS line-scan, the result is presented in Figure
53. The determined line width at FWHM is approximately 500 µm, therefore it can be concluded that
XPS line-scan is accurate.

Figure 53: Atomic % of Al, O, Si and C as function of distance, determined by XPS line-scan. An Al2O3 line with a width of 500
µm was deposited by a combination of photolithography and ALD. The line width, determined by XPS line-scan is
approximately 500 µm at FWHM.
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E. OES measurements
Optical Emission Spectroscopy (OES) is an often used optical diagnostic technique and was performed
to determine the active species in the plasma. Photons are emitted when atoms or molecules in
electronically excited states spontaneously decay to lower energy states, the emitted photons are
analyzed in OES 107. The corresponding photons have characteristic frequencies, which are plotted in
an emission spectrum. An OES spectrum is in principle a collection of spectral lines generated by the
different excited species in the plasma 53. The intensity of the emission lines depends on the
concentration of the specific species. Therefore OES enables the possibility to identify the excited
species in a plasma and it can provide a measure for the relative concentration 53. An Ocean Optics
USB4000 OES system with a detection range from 200 to 1100 nm was used. A collimating lens was
used to guide the produced light into the glass fiber, which was connected to the OES system. The
results are presented from Figure 54 to Figure 56. Figure 54 shows the full range emission spectra for
10 sccm N2 (black) and 10 sccm O2 (red) as gas mixtures with VPP = 5.8 kV. All significant spectral lines
are located in a wavelength range between 250 and 450 nm, which is shown in Figure 55. It is worth
mentioning that the OES measurements were performed in open air, without using the gas curtain
system. The N-related peaks are also observed when O2 is used, due to the presence of N2 from the
environment. Atomic N could not be detected with the used OES system, since the dominant N-peaks
are located at 149 and 174 nm 59. However the presence of N2+ species was observed (Figure 55), which
requires an energy of 15.5 eV to form 28. Therefore the presence of atomic Nitrogen is assumed since
the energy required to dissociate a N2 molecule is only 9.7 eV. Figure 56 presents the OES spectrum
obtained when 15 sccm O2 was used as gas mixture with VPP = 7.0 kV, the peak at 777 nm corresponds
with O-radicals.
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Figure 54: Optical emission spectra for 10 sccm N2 (black) and 10 sccm O2 (red) as gas mixtures with VPP = 5.8 kV.
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Figure 55: Optical emission spectra for 10 sccm N2 (black) and 10 sccm O2 (red). Zoomed region of Figure 54. The presence of
N2+ species is observed in the spectra.

Figure 56: Optical emission spectrum for 15 sccm O2 as gas mixture with VPP = 7.0 kV. The peak at 777 nm corresponds with
O-radicals.
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F. Comparison with literature
An overview of other in the literature reported TiO2 (plasma enhanced) CVD and ALD processes and
their corresponding properties is given in this section. The CVD processes are presented in Table 10
and the ALD processes in Table 11. The setup and material properties of this work are added as a
comparison.

92

93

/
/
/
/
/

0.34

/
/
/
/

/

3250-5700

2.15-2.60
5-10 %
1.7-3.4%
0.25 Si; 411 on glass
1.81

Growth rate
(nm/s)
O/Ti ratio
C content (%)
N content (%)
RMS Surface
roughness (nm)
RI (@ 632.8 nm)

* = influence of hydrocarbon surface contamination.

O2
Si
Atm
350450°C
0.37

N2–N2/O2
Glass / Si
Atm
55°C

Gas mixture
Substrate
Pressure
Temperature

N2
Si
Atm
400°C

TTIP

DBDCVD
TiCl4

DBDCVD
TTIP

Precursor

108

This work
DBD-CVD

Reference
Type

58

/

2.2
<4%
/
/

1.67

Argon
Si
Atm
50-200°C

PECVD-µwave Torch
TTIP

64

Table 10: Overview of other reported CVD systems and corresponding properties.

1.8-2.1

2.7
3%
0.9-3.5%
0.7-1.4

N2/O2
Si
Vacuum
100250°C
0.42-0.62

TTIP

PECVD

62

3.7*
32.7%*
/
15-23
/

2.4 @ 300 °C

0.3

>2.0
4.5%
3.7%
~1

0.05-0.125

TTIP

Titanium oxide
acetylacetonate
N2/O2
Si
Atm
200-300°C
O2
Glass
Atm
Roomtemp

DBD-CVD

57

PIMOCVD

63

/

0.951.87
2.58-??
/
/
2-10

O2/N2
Si
Vacuum
/

DBDCVD
TiCl4

109

/

1.84-2.04
3.39-10.57%
0.82-1.08%
/

20000-40000

N2 / Dry air
Glass / Si
Atm
Roomtemp

Aerosolized TTIP

Plasma jet

71

94

O2-Plasma

TTIP
H2O, O3
and O2
plasma.
0.0120.056
/
0.5-5.9%
/
/
2.3

TTIP

O2-plasma

0.145

1.8-5%

0.25

1.97 @
632.8 nm

Oxidant

Growth rate
(nm/cycle)
O/Ti ratio
Carbon impurity
content
Nitrogen impurity
content
RMS surface
roughness (nm)
Refractive index
/

0.25

/

/
/

* = Cyclopentadienyl Alkylamido [Ti(CpMe)(NMe2)3]

2.05-2.20
0-5%

Atm
Room
temp.
TTIP

Vacuum
80-120°C

0.16

40

37

This work
Atm
55°C

Reference
Pressure
Substrate
temperature
Precursor

/
/

2.1 @ 580
nm

/

/
/

0.06

/

/

/
/

0.07

TiCl4

TTIP and
TiCl4
H2O
H2O

Atm
100°C

43

Vacuum
160°C

42

Table 11: Overview of other reported ALD systems and corresponding properties

2.1 @
100°C

0.3-1

2.3%

0.070.10
2.0
<0.6%

O2Plasma

Vacuum
100300°C
*

86

/

/

/

/
/

0.13

O2Plasma

TTIP

Vacuum
250°C

41

/

/

/

1.9-2.3
/

H2O and
O2Plasma
0.05

TTIP

Vacuum
200°C

110

2.3 @
580 nm

/

/

/
/

Vacuum
150250°C
TTIP and
TiCl4
H2O, O3
and O2
plasma.
0.07

34

2.2 @
580 nm

/

/

/
4%

0.19

Oradicals

TTIP

Vacuum
50-250°C

35

